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CAOVID SM0CK YROM PINTTRATING CONVLNTIONAL WRAPONS

Jamas | . Drake amu Charles D. Little, Ir,

U. 8. Arwy Pagineer Watearways Inperiment Ststiom
Vickadurg, Misetzslppi

ABITRACT

1!\“ PAYIT preseats resulls of an smalysia
of growmd sdock dats frem sore thes ome kmdred
explosion testas cemducted in setl over the reat
3 yoars. durst pesitions verisd frem ful.y
urisd Lo osatact detomations ia setl aad (or
shallow dspths imto cencrate protective sverlaye.
1011l cenditicar ranged [rem loesa Ury semd to
sAturated clay. Impirical equations are pre-
soated that predict the nagnitude aud time hie-
tories of the axpected stresses and groumd
wotions as a fuaciice of burst positiom, soil
iadicen amd durstar layer thickmess

BACKIROUND

Mor. thas ome hundted axplesios tests have
bee. parforesd over the pant 33 yeare is eoil to
charsc’.erize thes ground shock produced by buried
reavettiond] pumiticas. Lampece (1) comdezted
plomeering tests during World Wer (1 with buried
charges L severel soll types (rew which cudbe
ool ailby ves deve' opel end verifisd, Fuilow:
103 Lampoon's lead, the MOLE and UEY teats (1,))
were ooaducted S the early 1950's to extesd the
ground shock data base to other soile amd rocks.
Simce that time many othear butied buret taate
have boan conducted tu & wide veristy of solle
with charges from | poudd to 30N toms (4-1)),
Meay other emsll-wcalo tsats have gome vareportsd.

Toats performed for spacial projeccs pro-
duzod the first msasuremeats of dtresses divwctly
ben2ath near-ourface axp.is81odd 08 burs.er slaba
(11,13). Couolimg o5f shallow explosions from
ponatroting weaponn wvas investigared by lagrea (3)
ia the COOIL progrem asd by Drake & Little (v
reperted). brova, eof sl (14), tvastigated the
propagation of groumd ehock through rcck rubble
overlaye. Al totaled, wore tham 50 tests have
boan ooaducted juit to deteraias erplonive cou
pling ft.3 percially duticd weapoms in burster
sioon.

Crouad shock date from thess tests were
dravm togethar 2ad amalyss! to provide an update
to the Aruy design mmmual, TN 5-855-1, "Punda-
mantals of Protective Desige for Comveatiosal
Vespoas.” The result of that amalysis is the
bazis for this paper. Dus to the limited apece
provided, caly the empirical prediction equa~
tions ave givem.

GMOUND BMOCK THRRAT

The ground shock produced by bombe axploding “
o0 or withio the growmd meer buriwd structures gee-
arally prevides the deninsat threst tc these factil-
lilen. Stresses (rom buried burets cen be gresater
in vagaitude and mech loager duratios thaa corte-
ssonding burste ia air.

Sigatlicant sahbacemaat of the atresacs and
ground motiens will occu? a4 the weapon peastrates
wore deaply imto the surroumding soil or backfill)
before {t Jamotatee. Oftsa, protective layers of !
contcrete or tock rubble are provided over the
struacture to limit the veapea pesetroti-e Phas re-
ducing tae sffective coupling of tha axplosion amd
incrosring the weapon stamdoll,

important veriables affecting the iatessity of
the loading atet a) weapon size and distamce to
the strwcture, ») the wechamical projerties of the
0il of rock, and <) tho depth of penetration of
the veason. Of timae factors, the effect of eotil
or tock propertiss is lsast predictedle dy simple
handbood mathods. Croumd sheck intemaity o4y very
by wotw iham tw odere of sagmiivde when tie woii
1s varied {rom low demsity dry sofle to saturated
claye.

Thers ATy two Lmportamt casaes to coaaidar ia
asaassing the grovumd ehock threat to buried lacili-
ties: 1) bombs that explode overhead, gemarally
on or withim the proteciive coacrste or rock rub-
ble overlay, cousing s divect loading of the roof
slab, and 2) weapoas that peretrate into the sur-
roundizg soll snd detonate baside the facility
loading the valle and (locr. While the same gea-
oerel growa! shock predictios equatioss wpply for
both cases, the rela of tha site geclogy amd the
protective overlay requites o somewhst dilfermat

applicetion of thase equations. These ceses are
showm in Pigure 1.

SOTL PROPERTY RFFECTS

Cround ohock propagatiom fa - ' h media L 2
complex fumction of the dymsmic coastitutive pr. o~
ertiss ot the soil, the axplosive products sad
the geommtry of the axplosion. Mo single »ot} ,
index or combisation > tadices can sdoquately i
dancribe this process in a simple wvey tor all
canes.
Mater cam have a profound inlflusace oa ground
shock propagatioa is cobesive enile, partticulsrly
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SATER TADAS OB ROSH \ATIR

Figurs 1. Geraatry for axplosion agalnsr &
buried facilit:

as saturstiom veachas 93 yarcemt or greatar.
Typically watar fa fully voumd with the shaletsl
structures for thede soile, providing sigaifi-
cant coatribution to the overall stiffmess and
strength of the poll structure. A2 seturetiom
approachs 100 parcaat, proecoumcad lacrsazes ia
peak strensea amd accelaretioma have beon ob-
served in wet claye, clay sheles ead semdy clays.
Streacsc aimilar te shock veves {a [rea water
have boaa moted fa saturated clays. Saturetion
as weaosred by free staading veter is b.reholee
aAy "ot be 28 accurete momsure of the trus sat-
uratica depth, marticularly whare seasomgl weter
tabla fluctustionw (ntreduce omall amoumte of
ale iaco the soll. Seiomic surveys gemmrally
will show & shavp juap La the wave epeed to move
than 3000 feet par cecobd ot this dapth.

Gramular eol)s with hMgh relative deseity
are generdlly aot atreagly ‘.iluseced by water
asturation a2 ave Sohasive sotls. The stiffeses
of gramular soll 43 provided by the greim to
grein comtacis ia the skeleton with only & omall
conteibution by the frae water. OCcnaoguantly,
coatrolled laboratory amd flald experimsate in
douoe nnerly scatureted samda did wot show lavge
1afluence of the pere water oa ths Tedulitiag
ahock vave propagation. Hovever, the eflects of
vate?r 12 lev relative deseity samde com produce
siniler effects as thoot sscm ia cobesive
solle (13). lu theee casss, the eoil ekeletom
com collapew, and the graim to graia comtact
103t resuluiag ia high pore pressures 2e the
sond liguifies. These oizes would not moresally
b coasideced for comstvuction of hardesed
facflitias,

Seismic velocity, ¢ , 10 often used as &
crude indax of scil or rock properitss for grousd
shock prediction purposes. It providee a simple
asasure of the stiffuses and the deasity of tie
sotl thru the relatiomahip

-

whavs M 1s the stiffoess or modulus of the eoil
axd o 13 1to wees dem2ity. The eelmmic valoc-
ity aleo provides & relaticaship batwess distamce
and Cimm,

A grast deal of caytiom wwe be used in gen-
avalining be uoe of saissic veloctity ae a ground
ahwock frdoa. Lemsetari s in gtamular solls much
an dry degatt alluvium wiy vesult in abnermaily
higa propagstion ve'ncities (approaching 4000 ‘et
par second). Yot thess astsrials may exhibic sery
high alr f1'led vatds and lov “elatise denstriap: -
qualitien oot would claasify :hem 48 very poot
tranomitters of ground shock. Low setemlc veloc-
ities, on Lhe othar hend, would genetelly tndicate
poor ground shock transataston quslities,

The at:enuation rate with reange of the ground
sheck magnl:uée 1o ~-atrolied 31 tha (rreversible
crushing of he void volure withie the soll eatrin
by the passage of the straas vave. In coddrive
eoble, the velume of the atlr fillod woids 1 an
tedan for atlomuntion of grouml wulivre, Wh._le tha
beat indan (¢ sttomuation rotes in grenule: madia
is the relative deasity. Decause valative denaity
io sot slvay' sveileb.e, dry unit waight can Bo ac
effevtive im'ex for arusd ohock attenuaticr.
Soile with h.gh relative demaity (high dry .enoity)
of low sty volde will attonuate the ground dvock
wore slouly than low velative deadtity of Nigh afr
void sateriale. PFigure 1 showe the peak olreas
froa explostions ia typicel seile.
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CRAUXD 3IRCK PREDICT TOXS

S rens ond patticie velocity pulav: vy be
chatactertised by snpomirtial like time “istotien
(het decay rapfdly in . plitude and broade- an
they propagate ostwatd from the explos.on.  Ihe
(harsctacistic time () t vooe time hipto* o van
be wessv7od In arrival tiwe from the .ou ce,

l. . whore

-~ 1.

SR

R is the distance [rom the explosion an'! )
the seimmic or propagation velocity. codleddy
these wave {urea ripe oharply to the p ak v.th

the rise tioe, tr

- 0, PR
(’ Ul(‘ {

this -~ alout 1/10 of the travel time '« the lar-
ge. int. From tha peak, the pulse de 1y wno-
e v, iy with time to wesrly gere (n L o Y
tia ol times glven by the following e v ticna

-u/(‘
r{t) = l'“v t > 0 (e}

-9(/1.
VL) - \‘)(\ - ‘~L’(‘)c t 0 W)

ete P(t) 1a tha stress V 1a the particle
vel city, smd 1+ and ¢ ere tive constinis.
Whi'e the (ime (unstentis generally vary with spe-
cif ¢ site conaitione, (hey Jeu D¢ L4 IT e

e lu L I
.

for moat applicattonn. P, and V., are values of
the posk struess and particle nloc}ty to be dete: -
all 4 by the folloving equations., Other wavef{ore
pa-ametats such at lmpulse, displacesent .ad ac-
co.erations nay be Jerived {ros these functions.

$imce the charecterisatic (ims iv inBveree'y
pre wottiondl te selsmic velocity, explosions tn
higt velocity media auch as satursted clay will
pTT Muce very short, high freaueacy pulaes v itl
Lign eccelerations and low dieplavenents. Om the
Va4l heid, detonatiors im dry locas wateriale
vi'l csuss much louvger duration, low {requency
groumd wmotions.

Poak particle wvelocl’y and peak atress aru
relited by

L Vo (4)

wheie © 18 the mess deasity. Tree—fleld
strveses sod ground wotions {rom bombe datouating
00 and within bytster layers or im the soil aluag
sidr the structyre ars glves in the followicg
exp . assions:

. ‘<ﬂ
r.- Coob e 180 - ( V)
]
-n
\ -t LN ( l;‘)
- "
-1
i
S -(-‘o-‘-(:,‘)
W
N “wey
o R
v L ( -
vl ‘ Ay l
! . -0t
7 - f 1 ( i
v v

vhote r. in the pesk pressur. (paid, Va8 the

reak particie seicctty (1r 'sec), a4, s the puak
scceleration (g'n), A, 1u the pead diepla e
mont (f1), 1, - the pean laiula' (pei-nert, .
s the mass ‘ensity tib-ne. (8% ( {s the sels-
=\ veledtty tft, 2ev i, ¢ (8 the aloustic imped-
ance (psi/'t/sec!, R s the Jdistanie 1o the ex-
ploaton “1t), W .8 th: «ravge velght (Id), and |
18 the vupling fuitor for near su lface delona-
tlons. tor preliatnary dasign considerations the
following table 1 siggented (i soecting the
seismi. selovity, ac rustic impedanie and attetuia-
tion ¢ ofticienta:

S ASTED v OLFFLOIENTY MR DE S N

Selamg LT R
Ve ~odry TeLar Arrent: st n

‘ N Al et

Mitetig) Descripsom e prd [ose on

1o se, 47y sanmda [ 4] N Yoo
ni graveis wilh
low relative Jenmity

Sandy losa, liess, o) .l A
dry uande and
bachtill

Nense sand, w' ih 1 00 4 RERY
Ri-h relative
domaity

Lot pam'y lav with 10 XY
ater wls (greater
Livan & wroent)

Saturst. 4 sand) 000 -t UL SEERY
clays & sands ’

with smail amount

of alr roide (less

than & ercemt)

Reavy sstureted ~4000 150-180 oS

clayw #nl Jlev
shales

A wore detatled Jescripiica {8 provided fn
Table 1 fnr eoile encountered ir explusion test pro-
grama. Simple suil peremeters svch an wet and ury
unit veights, atr fi'led “ol's snd ssismic velocity
are shown to assist ' relating the explusion




effacts parzastars to the design 4oil ronditions.
Note thet tha witennaiion cceffictient «nd meis-
mic velocity are closaly related to dry unit
weight for granular soils whilc sir void con-
tent ie important for gchesivs soils.

GROUNY SROCK COUPLING FACTOR

The mugpritude of tha stress and Zround mo-
ticne will be greatly enhanced 43 the weapon
penatratas soze deaply into the suil or the pro-
tective burater layar sefora i: datonates. A
concept of an equivalent effect coupling factor
i Jatroduced ro account for this affect on the
grouud shock pacameters and is detined as follows:

The cuupling f-ctor, f , is defined as
the xatio of the ground shock magnitude
from partislly to shallew buried weapon
to the ground shock magnitude from &
fully buried burst in the same wedium.

£ - 3’9, v, d. I, ‘; near surface
P, V, d, I, a) contained
A cingle courling factsr is apr.licabla for all
ground shock parameters that depends upon the
depth of burial of the center of the weapon and

the madium being penstrated, i.s., soil, concrete
or air. It is importamt to note that the coupling

factor concap. used here doas mot produce an equiv-
aleut charge but rather, it is a scale factor to

reducs the ground shock omputed from a buriled
buret wicth the full charge waaght to account for
the shallow burisl,

Coupling factors are different for bursts
in air, eoil and concrete and depund upon the
scaled depth of durst of the wsepon. Thess fac-
tors are shown in Figure 3. The coupling factor
for air is & constant

f=0.14

and 10 recosmended for contact bursts.

In the case vhere a woapon penstrates into
more then one material, i.e., a long bomd that
penetrates the concrete slab and ia partly buried
ia soil, the coupling factor ia computaed as the
su of the coupling factors in each of the mate-
rials weighted in proportion to the charge weight
contained within each msedium.

W
-3 o) ®

vhere f ia the total coupling factor, £; is ths
coupling factor for each componsent ntcrhi. i.e.,

10

0.8

.4

GROUVND SHOCK COUPLING PACTOR,

17 PPy

Q.2 ] 0.2 0.4

o.¢

S7ALED DEPTH OF DURSY, &'/ (ovm’®)

Figure 2. Ground shock coupling facecr as a fuanction of scaled
dapth of turst for air, soll and concrate
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air, soil, concrete, Wy is the weight of the
charge in contact with each component material,
and W is the total charge we{ght. Since most
bombs are cylindrical, the coupling can also be

defined as
L
i
£e ) £i<,‘ ) )
whars is the length of the weapon in contact
with esach material and L 4s the total weapon
length.

DISCUSSION AMU CONCLUSIONS

Bmpirical axpressions ware derived from a
fit to a larga boly of ground shock data from
buried and near-sur 'ace bursts in soil. Saveral
important observations ware made cuncarning the
role of soil properties on scaling ~f ground
shock:

1. Near the explosive source, peak parti-
cla velocities 1n soils tend teo a single curve
that is nsarly independent of the soil proper-
ties. This obsarvation can bs explained in part
by the interaction of tha detonation wave in tho
explosive with the soil.

2. Peak stresses scale in proportion to
the ssismic velocity.

3. Attenuation of the peak ground shock
magnitudes is strongly dependant on the rele-
tive dansity in granular soils or to the air
void volume in cohesive soils. Because the seis-
mic velocity is also influenced by these param-
eters, the attanuation coefficient, n , can be
estimateld from the saismic velocity as

c{fpa n
500-600 3-3.5
750-1000 3
1000-1400 2.75
1400-160C 2.5
>5000 1.5-2.25

4. Time scales in proportion to the time of
errival, Thus, tha pulse tends to spread in pro-
portion to the distance traveled, vith a rise
time of about 1/10 of the travel time and a dura-
tion oa the order «f 2-3 travel times.

5. Because of the time scaling, peak accal-
erations are proporticnal to the seismic veloc-
ity, peak displarements are imaearsely proportional
to the saismic welocity while tha peak impulse is
only sensitive to density variation.
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1ABLE 1 SOEL PROPERTIES FROM BXIPLOSION TESYS

Dry Unit
Weight T°;:i ::“ Seigmic Acoustic
7 L Adr-Filled Yelocity Ixpadance Attenustion
rya y 3 Voids 3 1 Coefficient
Soil Description lb/fe 1b/€e b4 £t/eac psi/fr/ewec B
Dry desert alluvium and plays, % 93-100 >25 210042001 @ 3-3.25
partially cemented
Loosa, dry, poorly graded sand 30 950 >30 600 11.6 3-3.5
lLoose wat pooriy graded eand- 97 116 10 S00-600 12.5-1% 3
free stanaing water
Dense dry sand, poorly graded 99 104 32 900-1300 25 2.5-2.75
Denge wet sand, poorly graded- 108 12¢ 9 1000 a2 2.75
free standing water
Very densa dry sand, ralative 105 109 30 1500 &4 2.5
density =1002
Silty-clay, wat 95-100 120-125 9 700-900 18-25 2,75-3
Mogist loeas, clayey aand 100 122 =10 1000 28 2,753
Wet sandy clay, above watar 95 120-125 § 1800 48 2.5 :
table )
'Saturated' sand-below water - -~ 1-4(2) 4900 128 2,25-2.8
table in maxsh
‘Saturated' sandy clay, balow 78-100 110-124 1-2 5000-6000 130 2-2,5¢ :
vater tatle a
'Saturated' sandy clay, below 100 125 <1 S000-6600 . 130-180 1.5
water table
Saturated stiff clay saturatad - 120-130 0 >5000 135 1.5
clag-shale
(1) Bigh bacause of cementation.
(2) Estimated.
<—_—’—
6
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CALCULATIONAL EVALUATION QF THE IMNCLUSIOR BFFECTS
ON STRESS GAGR MEASUREMENTS IN ROCK AND SOIL

A. L. Florence, D. D. Xeough, and P. Mak

) , SRI Intoenational, Menlo Park, California 94025
} y
i [
! \\ t ABSTRACT \\/wm Froem
: >'\‘Vploutm--mlducod stress waves in vocks
! €2 and 10 1s ara frequently messured by flatpack Tuit \\
i < stress gages grouted in boreholes. The stress \
| gage maasursments differ from the free-field \ Stres Gage
! stregses if the grout Sorms on inclusion be- A
! cause of a mismatch of saterial propertiss or - ‘\
inadoquate bondiag vith the medium. Calcula- -7
| { tionsl results are presented for a tuff medium G - !
' to illustrate inclusion effects in elastic and ’ Borshole
-‘ elastic-plastic regimes. The main affect occurs Exploding I
| if the inclusion-medium bonding is inadequate Cavity / Grout
| W /
//
Tunn.l/
JA3178328
] FIGURE 1 IN-SITU STRESS GAGE EMPLACEMENT
4
h INTRODUCTION
9 Experimants for investigating the vulnerability The calculational investigation is simplified
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of military civil engioaaring atructures to attack
loads applied through the ground involve measuring
scressas in rock and soil, Strees gage signals are
often difficulet to interpret becausa the gages and
the immadiate surroundings Jisturbed by gage in-
stallation perturb the free-field stresses to be
measured.

This paper treats the influence of the gaga
installation procadure on the free-field stresses.
For iustmllation in rock, the procedura is to drill
from a tunns]l, cavity, or ground surface, {nsert .
the gage, and pack the bcrebole with \ock-matching
grout, a@ illustrated in Figure 1. Becsuss it 1s
imposaibie to match all tha properties of tha rock
in the neighborhood of tha gage and to ansure per-
fect bonding with the rock, the grout-filled bore-
hole forma a cylindricel inclusiocc, #o the gage 1is
in general not subjected to the same stressss as
the far field., To intarpret these stress gage
signals, ooe must determine the relatiomship bet-
wesn tha inclugion and medium stress fialds. Tha
influsnce on the strasses of the gage, which is
itself An inclusicn, is not treated here; that inm-
vestigation vill be the subject of a futurs publi-
cation.

oy assuming plans strain conditions, by confining
attention to the two extreme cesas of parfect bend-
ing (no slip) and no booding (oc shear transfer),
batween the grout and the rock, and by considering
proportional static cowpressional loading, chich
prevents bond separation. Illustrative results
based on a rock-matching grout (designated 2C4) ip-
“lueion in Nevada Test Site (NTS) tuff sre prssentad,

MATERIAL MODEL -

To show how a gage installation procedurs can
nake stress measurement difficult, calculatioms are
performad for a borehole in NTS tuft filled with
2CA grout, as shown in Figure 1. PFigures 2 and 3
show the tuff and grout strength properties. A
streng tuff {s intentionslly chosen to magnify tha
affects of poorly uatched propertius. Both the
grout and the tuff are modeled as Mohr-Coulomb ma-
terial with the properties listed in Table 1.

%
}!




STRESS DIFFERENCE, 04 - o3 (kber)

MEAN NORMAL STRESS, (04 + 02 + 03)/3 (kber)
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FIGURE 2 UNIAXIAL STRAIN RESPONSE OF ROCK-MATCHKING

GROUT RMG 2C4 AND KEVADA 1EST SITE TUFF:
STRESS D!FFERENCE VERSUS CONFINING PRESSURE
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VOLUME STRAIN, AV/V (parcent)
SA-1288-4)

FIGURE 3 UNIAXIAL STRAIN RESPONIE OF ROCK-MATCHING

GROUT AMG 2C4 AND NEVADA TEST SITE TUFF:
MEAN NCAMAL STRESS VERSUS VOLUME STRAIN

Totds |
MATERIAL PROPERTIES
Youngh Poimoahs  Fricton .
Material Modshs  Ratio  Ange  Cohetlon .. -
(pl) ’ ¢ (dng) ¢ (i)

6 - )

™ 166 x 10 032 63%  2a3x210°
Growt(20) 2e4x10°  om 146 191216 s,

FINITE ELEMENT MODEL

The spherical wave engulfisg the borahole and
gage is approximated by a quasi-atatic biaxial
strass-plane strain state, as shown in Figure 4.

-0y = '%Px

JA-317532-R8
FIGURE 4  CIRCULAR INCLUSION UNDER BIAXIAL STRESS
AND PLANE STRAIN

For pulses with risze times longar than saveral
inclueion digmatar transit times and where densities
of diffarent matsrials match sach other, a quesi-
static analyzes gives reasonable estimates of Che
dynamic reapcnas. As a further simplification,
‘proportional loading is sesumad. The ratio batween
frae-field strasses is chosan ss 0,/0, » 4 to evoid
creating tensile strsases across tha !ucluuon-
madium {nterface. Figure 5 shows the two gags loca-
tions for measuring the frae-field stress componsntn
Ox = -p and Oy = -p/4 (p > 0). Decause of symetry,
only the firet quadrsnt oeede to be modelled.
Stresses Oy and Oy are calculated in the inclusion
along the radii on tha y and x axes, respectively.
The inclusion sffect of the gage itself is mot con-
sidered and these calculated stresses are taksn to
be the stresees acting on the gega for comparison
with tha uniform free-fiald strass.
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FIGURE 5 GAGE LOCATIONS iN BOREHOLE

The aralysis was perforsed vith the finite
elemant code NOXSAP. The finite e ement grid ex-
tended to 10 times the radius of the inclusion, as
ahown in Pigurs &. Pour node plane-strain quadri-
lateral slements ware used.

!
N

| <

A

INTERFACE MODRL

Two inclusicn-medium intarfece conditions are
investigated. Thease conditions are perfactly bood-
od snd free-aliding, and they provide dounds oo the
real s.lutfon behavior. The bonded'interface trane-
fera both cowpressive and shearing loads. The free-
aliding interface transfers compressive loade only,

The perfectly bonded interface requires mo
special modeling technique becauss the ususl fioite
elemant node—element comnectivity describes this
condition.

The free-sliding laterface is modeled by & thin
riug of two-dimensionsl Mohkr-Coulomb quadrilateral
slamente to transfer compressive load. The elements
are weak in shear to alimiate tranafer of shearing
stzass. The thicknzes of the ring is 5% of the {n-
clusion radius. Young‘s wodulus and Poisson'a ratio
of the ring matarial are the same as the averages of
the surrounding material. Numerical testas indicate
that cohanion and friction angle values of 10 pai
and 0.1° are satisfactory for the tuff-2C4 grout
combinations.

NUMERICAL RESULTS

Stress distributions along the gage locations
for thres cases of an inclusion in tuff are calcu-
lated. They ere

1) a parfectly bonded grout inclusion,
2) a parfectly unbonded tuff inclusion, and
3) a parfectly unbonded grout inclusiocn.

The firat case {.lustrates the effect of mis-
watched material properties; the sscond case {llus-
trates the effect of an unbonded interface and the
third case combines both effects.

Io each cass, calculations wers made for thrae
or four free~field stress levels, the lowest value
in each case providing an eatirely elastic response.

Case 1. Bonded Grout Imclusion. Pigurs 7
showvs uniform stress distributions along the x snd
y axes of the grout inclusion for frea-fiald cow-
presgive stress of py = 4, 5, and 6 kaf, with p, =
Px/4. The calculated stresses at the gage locatioos
ars 0y and A gage located oo thw y axis would
masure the X component of free-field atreas emactly
1f O /py ® -1. When py = 4 kei, this tatio is ox/py
= =1.11, so the gage would vead 11X high. As p; is
increased, the readings becows mors sccurats. A
sage located oo the x axis wuld msasura the y com-
ponent of free-field stress exactly if uxlgz a.l,
Whea p, = 4 kud, thinntiohoy/ = <0,.94, 80 the

! | 343 would read 61 Jov. Whea p, = 5 kai, the gage
. would read 9% high and wben p, = 6 ksi, the gage
inclegion | M would resd X high. The streas ratio trend is to
\ntert m incresse further bacause the atress compoments are
confined to the yleld surface. The mismatch of pro-
aetbinc L parties in thic exampls allows a reasomably accurats
masuTemert of p., the larger compooent of free-
FIGURE &  FINITE ELEMENT GAID -f1e1d stress. The came is true for measurement of
Q
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the wmsller componeat under elestic oT smell plas-
tic deforgetions. Aa the leading increaces to pru-
duce largar plastic deformatioms, measurament of p
becomer {ncrossingly inaccurate.
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FIGURE 7  GAGE STRESS FOR GROUT INCLUZION WiTH PONDRED

INTRAFACE, EXAMPLE 1

Cose 2. Unbonlad Tuff Inclusfon. Migure 8
shows the stress dactributions along the x and y

axes of gn unbonded tuff iaclusien for free-fisld
compressive streseas of py = 5, 7, end 8 kai, with
2.- Pu/4. A gage located on the x or y axis would

sute the free-field stresees amactly if 0./p;
and O_/p, are unity. The effect of an inclubion/
wediun interfaca that does aot tranafer shocr scress
is to produce noouniform straes distributicss. W
Px @ 3 ksl the tuff vesporle 4s elastic and the
stress distributicas shown (full liues) sre pars-
bolic. At the center of tha imclusion, the x and y
stress compooants are 152 bigher aud 61X lower, res-
pectively, thar their free-fisld counterparts. In-
cres the fras-field h to cause
yhlm in ths Lmlunamm tha otress dis-
tribution at the ceater. Approximate mespurement
of the larger free~field stress, Py 10 poseible 1f
tha gage does mot occupy too much of the inclusiea
diametar. Meagurement of tha omaller free-fisld
streca, py, can only be regarded as @ rough satisaca,
the valus of hich depends om the strass lavel,

Cass 3. Uabosded t usion., PMgure 9
ghowe the strass distribut ohg the x and y ucs
of sa unbonded grout incluaice for far-2ield cow
prossive atressss of py = 1-1/2, 4, S, end 6 %ai,
vith p, = p/4. This combiases tbe effgcts of the
niomat: of propertise of ths first case eund the
lack of bondieg of the second case. srin con-
clusion is thet tha bonding effect dominates sc, as

C e cm——— - .
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FIGURE S GAGE STRESS FOR TUFF INCLUSION WITH §L1®
INTEREACE, EXAMMLE 2

case 1, approximate weasurement of the larger froe-
ficld strese is pesaible but measuremdnt of the
amaller free-fleld atreas i not.

e iy
20 15 -10 05 0
0x/Px
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------- p,-ud
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FICURE ¢ GAGE STRESS FOA GROUT IHCLUBION WHTH BLIP
INTERFACE. EXAMPLE 3




g A e

- — . s

CONCLUS TOM

Baved on the nuserical exsmples treating a
grout isclusion in NTS tulf, we conclude that:

¢ A mimmatch of the inclusion and medium
properties rotains a uaifors gtress
distribution alomg the gage locatioms.
A loading increases the megpurememt of
the larger free-field stress bacomes
worqe accurate while the msasuremest of
the smaller free=fiald streas becomes
less accurate. This occurs decausa the
maller stresa campomest 1ia the grout
becomes telagad to the larger atress
component through the yleld condition.

wiforn streas distridetions aloog the
stress gage location., As incressed
: loading couses increased plagtic flow
i fa the inclusion the srress distribu-
l ticas becoms more umiform in guch a
| vay that the larger free-fiald atress
{s measurable but the smsller free-
field stress is not paasuradle. Thia -
occura because the smeller atress cow-
ponant ia tha grout bacomas veluted to

the larger strees component through the
yield cosdition.

|
|
! ¢ lack of interface bonding produces moo-
f
!
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ABSTRACT

Free-field ground shock prasevtas at verious
distances from the buried detonaticm of high~
explosive chirges, mortar &nd artillery rounds,
and lerge bomba havwe been Weagured by Southwest
Research Institute snd iidepandently by Waterways
Ruperipent Station persconel. This paper prescats
an wmpirical solution cepadle of prodicting these
pratoures i%n unpacucated ecile. In satuteced soils,
a very diffurent energy diesipaticn proceas occure
wvhich {s prediceed by modifjying e hydcodynamic
solution, atd comparing it to tests oa bowds in
saturated ocile.

INTRODUCTION

Y have been davaloping & general solutlon for
predicting ground shock preesures sad ixyuloes
igpartad to shaltara frem the detomatien of buried
ordnance. Unfortumately, «ll the results cammot be
chown in thie ghort paper; howavar, omb aspect,
free-fisld groumd shock precoures, vwill de ave-
oonted in davagl. Those wiching sdditional detaile
can refar to refeveses (1}

Our solution was daveloped usiag sod ling
techniquas and teet regults from & large cospllu-
tion of groumd shock precsure dara. Uader moat
condltions. & log-linear curve fit zem & s80d to
predict preadsures over four ordefs of sagmitude in
valus, The azcaption to the gemeral aclutica
arises vheh soils are spturated. Them, &4 wcdifisd
hydrodynamic solution works. Ia this paper, we will
protent the geasral sslutiocm, compate results to
apdsured presoures, chew that probless cam ariss
ond derive the modifisd hydrodynamic soirutioa.

CEMERAL SOLUTION
An empirical equation for predicting free-

field ground shock prassure from tha dstomation of
buried explosive 18 givea dy:

G :
TRTS Fxm.vs canh (ouﬁl—,:%i‘-]

/3 a2
0.0173 (:rrs;ﬂ}.—f;)
[ ]

Q)

FRE2-FIRLD CROUHD SWOCZ PRESIURAS FAOM BURIRD DITCRATICNS
IR SATURATED AND UMZATURATED #0ILS

Pater 3. Veoatine
oad
Carard J. Priceenbebe

Southwest Research Institute
San Antomis, Texme

vhare = maximm pressure (Pll-l)

o mase deasity of soil (FTd/LY)
e wpead of sound in soid (L/T)

= Jdapth of oréniace buried to its C.G.
)

= dagth of poiat balow C.G. of ordnsnce
L)

N = opergy reloass of explosive (PL)

l." = gffactive slamt camga vhich sccoumts
for ordnsmce geomatry and orieatation
L.

All ratios io Kgwation (1) ere aosdimsmsicas)
vhich asans that predictions cea ba mede uaim3 ey
self-consistent a6t of metric or Emglish uaite, Tha
quantity Rogg accouste for boab length £ and oriee-
tetion 0. This quantity Boep {2 a first approzine-
tion to whure &n aquivelaat point source of the
same snurgy releans bo lecated #5 that the
semn scaled enecgy WoclR?d occura for the distrei-
Jated enargy in & lime sowrce of fiaite leugth as
in the equivaleat point soures. Bggr is given by

e " °© 9

-

X, -t -} 13
T“[WT'—"_}_R_;;; @
() (-N)

whare N = (/03203
W= {Y/i)cos 0¢(R/%)ain §

ead I = hovisomtal dietance of locstioa im werti-

cal plame through the bowd (L)
X = transverse distance of location (L)
t « lemgth of amplogive source (L) ’

9 » bomb'a oviemtation (8=0 dagrees ia
a wvertical bomb).

COMPAR. 30N WITE DATA

Bguation (1) has a format permittiag scaled
pressure om the left-bend cide of the equstioa te
be plotted versus a scalad affoctive stamdoff die-
tance oa the right-hand side. Mauy differeatc oye-
bols ars seem in Pigere 1 becawse there were waay
variatioss {a siec of oxplosive amergy releast
(1.8, 0.327, ané 0.216 1b sources), orismtation of
the charee {0, 90, oad 43 degress), depth of burial
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Pigure 1.

of the charge (!, 71, sud 22 fnchen) dusth of
burigl of triasduce., amd tvps of sofl (eflt amd
swd). All tuste vers parformed outdoors with a
atural veristioa in e2il cundicions recorded by
asasuriag scll demsicy o amd velocity ¢ ¢ 1irs eaca
test.

The selid 1'» “‘uwrough the proscure data s
Bpuatioa (1). The dashed 11 < +a each side of the
prediction line ia & statiscical oma aigme stemdard
daviation for a mormal diatribution {a log of
Fressure abo t the predicetion line. Although this
SCARLEr WY o, 04T to ba large, it 18 of the sams
sagaitude for results from other exparimeats.

Persossal at Wscerways Rxperiment Statioca {2)
bave beem comducting tests in which free-field
ground shock pressures were msuitersd st variows
sited arovd buried C-4 ciarges, mertar shells,
hevitser rownds, and bowbs. In Pigure 2 our eole-
tiom emd 1te oca‘ter o ohowm v {t cam be compared
te growmd sheck p for 135-am howitrer shells
containing 15.6 1b of THY, 10%am hovitser shells
contaiaing 4.8 1b of Comp-3, aad 4.2-1meh mortar
shells with 7.8 1b of THT fired st White lamde
Waaile Bamps.

/
loaled Pressurs Yarsus Distumcs im Swll Teste

A fint! comparison cond:'cted at White Samds by
WS potemnel involved 16, 5, amd 8-1b axploeive
C-4 charges. These scaled pressures ire compared
to RBquatiom (1) ia Figure ). Becawss the resulcs
seem ia Pigures 2 e ) are similer to those were
ia Pigere ], the same comwmts about sccurecy amd
acatter apply.

NYDRODTMANIC SOLUTION

At amother teat site, Yort FKmox, ksmtecky,
VLS perecamel comducte’ grownd shock presawrs
msasurensats usiang live ¥E-82 (300-ib) and MEK-84
(2000~1b) bombe. These boubs coutain, respectively,
191 1% amd 9435 1) of tritosal. Measured pressures
were all higher than expected as cam be seen by
looking at tha results fa Pigure 4. A recsom doss
sxist for these pressures heing higher thas axpect-
od, but to umdsretand, we meet discees Fort Emcxy
field comditioms.

Tha soil at Porc Enox is & 10 foot Wper layer
of seft brewa clay owverlyiag & soft clay mined with
gravel. The damsity of %o’k re is the samm
aversgs wat demaicy of 123 1b/ft” amd wetsr comteat
of 21.5 percemt. The major differeacs betvoen the

layers is that tha wpper layer has 2 Pwave valocity

of 1200 fr/sec: Wheresss, the lower layer has a




velocity of 4800 fe/esc. Both onils arv escomtially
saturated with tha grouad watar tebls at the 10-
foot depth separatiag these liyers. The wpper
layer i saturated by capillery actiom. The chemge
ia seigmic velocity frua 1200 to 4800 fu/eec dewom-
stratas the existencs of tha growmd water tadle at
the 10=-foot depth, because 4300 ft/sec is the speed
of somd in water.

All othar test sitod wers wmuch &rior thsa
Jort fwox. Moieture coatsate ¢id reach 12 porcemt,
but these are low relative to 22.3 percemt. Vama
the pores of a ooil ave filled with water rethor
thas air, s almost incompresaidle pore fleid
exists. DBEaergy dissipstiom sssoclatad with collepae
of the pores and shaaztag of 20fl graiss over sach
otha? 1o wot as great, and preasures are, thavsfore,
higher at various staadoff distamces.

lnstoad of weing e soil eviwtion, the propage-
tion of ohock throwgh satereted soils 4em be spproxn-
imetod by wodifyisg & solutice for ckscks im water.
1z his book on waderwetay sxplosicas, Cola {3)
PoSSENLS tust Gata which cam bo Curve-fitted wiiag
8 log-limesr approxzimstion to give en aquatise for
shochk preasures i water.
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Pigers 2. Cowpariccm of Froa-Pield Preszure Selution to Teet Besulte withk 133-am Artillery Zholls

1.6
) w )t
P(pst) = 24,630 ['-'u-—-‘ﬁ-‘-“‘"}—] )

8y fwserting the imvariset o sad ¢ fate Cele'e
:.lu-u! u-u‘ oquuon.'manu; Eguaiina (3) to o

~consistent set of diminetomless writ
1,:2“‘ wite, ssoum-

ing tha® iv large, aad that the pressure

geuge 22d bomd ave 3t the cams dapth, Bquatioa (3)
can be tewrittea as:

, - v,/ T8
[:—;;—:I] - 0.04284 L—:ﬂ‘j {®)

Byuaticn (4) is the hydrodymomic equatice
which 1o shows ia Figure 4 and cospered to the
wnsttuvated sail seluticn end test dato om HE-82
sad ME-34 boaba. A3 can Be serm, the Rydvodynamic
solution serhs wach better and predicts Gmch highar
ecaled pressurcs. Ths For: Kaex teet eits with
its high ground weter tsbla bebaves like a 1iquid.
That is to say, previded eme sooumes that the demds
are in a "heavy weter” with a woight desairy
of 12% 1b/2¢c? cad wator that propagetes thoeks at
the msasered P-amwe welocity, efthar 1200 fi/cec
tor shallov buriale adove 10 foer or 4880 fc/eec

- + v m——— s 43
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Pigure ).

belnw the grewad water teable, smergy 18 wet dissi-
pated as repidly Iw saturated solls, aad test
Tesults sppear to be predicted by this wodified
hydrodysaaic solutiom.

Ohvioualy eous iramsitioa regime meat exist
botwoen the soil and water selutioms. Although
the data to deaomstrete when and how o treasitice
oceurs are unavailable for degrees of saturatiom
equal to or less them 30 or 60 percemt, the soil
solution lo recommended. Purther study is required
to underetend and deparste these two colutioms.

CONCLUS 10m3

This paper ealy pressats the reaults from ome
seall segment of & largs report comtaistag iafor-
aation en free-fisld, cdlique, sad mormelly reflece
od ground ohock pressurees. [a this roport, impules
a8 woll o prescures arve studied amd drtalls ave
preswated oa hew predictive equations amd the Ry ¢y
concept are darived aed tast results weasured.

In this particular discussioca, we showed that
free=field grownd shock pressures dissipate t=
very differeat usasers dependent wpoa whethar soils
are sstureted or waaturated. Mhpirical equatioms
tre presentad wvhich allow free-fiald pressurce to
be prediceed ar variows staadof! distamces im

- __.J_LJ_nJ;JAJ-!JoIJ.._a_l.._‘._.l.;..l.obl.l-l’k‘._a_,l_._j_;l,I,A,l.!.u

Pressurs VYersws Distesce for WRS C-4 Chargus

satureted and wmsaturated soils,

Test data (rom
3 variety of burted ordmasce dutonations are pre-
sented fa dimswatonlens format to demomatrate the
velldity of thesea sclutioms.
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ARETRACT

"“Yibre reinforced concrete suitable for apray-
1ag onto existing structures (s beihy vaaained to
ssmens ity redistance to femetration by 7.62me
diameter srmowr plercing projectiles. A major test
frogremme L8 teing carried out to emamine the
. flusnce of eggregQate type and fibre type. Por
v ch aggregete/fidro c mbinetion & atatistical
rethod Lp beind ueed to plan test peries which will
ieed Lo optimination of the concrete in terwa of
«star/cament retio, libre cuntent and sggregate/
amnt retio. The sinieus \hichness of optimiaed
‘oncretes to resiet penetration by the projectile
and wininion apell And gCobbding. vill be detarmined
™e mechenice of the Lmpact and pemstretion event
are being studisl and & possible method of defiect-
ing the projectije within the concrete i» W.“z\

1WTRODUCT 10N

During the couree of 1te usefu' 11fe, a
stfucture, particulaerly a allitary ons, say be
sub)ected to attack from small arms fire, or

: perhaps indizect impect from close-pruaisity

| explosions. Mence, high-risk structures (houid be
constructed (rom LEQect resiatant matarials, and
the capablility W reapldly wpgrede the protection
afforded by an suist structule would be edvant-
SPBOUE. ARy SUCHh LEPACt Twiletant mataria must be
able to contalin saveral different facets of the
impact event. It must be able to resist perfor-
ation frum the projectile, it miat be of

sfficlent thickness tc resiat tarsile scilbing
from the back face and {t must slec be cohssive
though o prevent epalliing satarial flying from the
tront lece, both Deceuse tl.is BAterial may be
dangerous Lin itself and alac baceuse it leadn to &
local weaxening which may then be breached by
repeatead (mpect.

Concruts has & reasonable resistance to
projectile pemetration, dus to Lts relatively
hOROQENeOUS and BaSSive propsrties. 50 far as the

i front and rear face damage i3 concerned, however,
the lov tantile strength O! an ordinary concCrete
Satrix ensures that & largs amcunt of material is
2jected fram the sladb faces with & velocity high
enough to be potentially dangerous. Incorporation
of fiBres into the concrete matrix has been shown
to considerably reduce the scabbing and epalling

HIGN YELOCITY PERETRATION I1WTO FIARE-REINFORCED
CONCRETE MATERIALS - PROTECTION OF BUILDINGS

Williom F. Ardersan, Alan J. Watson, Faul 0. Armstrong

Depertment of Civil and Structurs! [nglneering
Unfveryity of Sheffield, U.K.

exsociated with dynaalC lodding of concrets (1, 2},
In general, [ibres act to increase the toughness
ol the ctwg.osite meterial By improving *he tensle
propertias »f noimsl concrote, abaorbing the streas
vave ensryy by eitrer pulling out of the satrir or
perhape by necking and bresking, depending uron the
charactaristics of thwe particular fibre.

Many dilferent types of fibre are avallable
comritcially. the pruperties of the [ibre rein-
forced concrete being dependent not only Gn the
standard concreta variables avch Aa agyreqete siie
and type, aguregetw,/iemunt ratlio and water/ceaent
ratio, but also on the typs, Japect ratio and
proportioh of the ircluted fidblea. A comprehensive
testing progremme 18 being carried out o study
the effectas of these veariables and to optimize the
fibre reinforced concrete to ainimise prnetration
by ?.42wm MATU armour plercing bullets ispacting at
approxisataly 60D wm/e. Attempts ate betma nady to
exsnine the mechanice of lopact and penetration, wo
as to underetand the failurte modes of the fibre
Feinfuwoed cunuieie undes dynsmic ioeding.

VARIABLES CONE1ORRED

In order w fully utiliee the aaaptability
of the optisus material, 1t was (eit that a
cancrete amuitable for sprayed application zhould
be deve.oped, since Wis would be equally uselul
for new conatruction and also for quickly rein-
forcing emisting structures.

Aggregetes

T ensure easy application by sither the
‘wat' or ‘dry' spraying process, and to allow a
reasonable (ibre distriution through the satrix a
Concrete Society (3} recomsendation of a maximum
ag9regata sixe of 10mm has besn adopted.

Testa on rock aguregata/elestomer coaposites
subjected to iampact by profectiles similar to
thoms used in this study, showed that resistance
to penetration was & functiocn of the rock aggreqQate
hardenss (4). In order to exaalne the effect of
aggregats hardness oh the penetration resistance
of fibre reinforced concrete, crushed basalt
(relatively hard) and crushed limestone (relatively
s0ft) wers chosen as eQyregitss. Tha shape of the
agQreqats particlew has an effect on the conirete
bond aleo, and this on the homogeneity of the

7




composite. Since the crushed rock aggregates are
both angular in shape, a rowmnded river gravel i
inclvded in the study to give a compariszon.
Anarejate/cement ratios vary from 1:3.0 to 1:5.0
in the statistically baged test plans.

Fibres

Since it is impractical to include all the
comwercially available fibre typss in an experi-
mental series, various constraints had to be used
to select the materials to be tested. On grounds
of health and/or durability, vegetable, aabestos
and glass fibre materials wure rejected, whilst
carbon fibre was rejected because it waz considered
that the likely high fibre content required for the
intended purpose would render ihe unit cost of the
fibrous composite too high to be viable. Finally
three typas of steel fibre, one typs of poly-
propylene fibre and two lengths of the organic
polyanide fibre, XEVLAR 29, were chosen for deteil-
ed examination. Where appropriate, a length:
diameter ratio of 100 was selected to give a
composite which could raascnably be mixed in both
a field and laboratory situation.

Cament Matrix

In order to ensure that the optimum fibra
reinforced concrete can hawe univazsal application,
Ordinary Poztland Cement is Leing usxl and it was
initially aszumad that the type of fine aggregate
used would be unimportant. A rance of water/
cement ratios batween 0.35 to 0.50 by weight is
recnmmended by the Conciete Socisety (3), for
ordinary sprayed concrete. Howaver, due to the
apparent docrease in workability causad by the
inclusion of large volumes of reinforcing fibrs,
a range between 0.35 to 0.70 wans selected for Lhe
main statistical series,

OPTIMIZATION OF THE VARIABLES

For each combination of Uibre type (msix
varieties) and aggragats type {thres varisties) it
is necassary to optimize tha water/cemsnt ratio,
aggregate/cemant ratic and fibre contant. To give
a reasonable range of thase last three variables
it was decided that specimens should be prapasred
with five levels of each variable. This gives
53 (a125) poseible combinations for each
particular fibre and ajgregata. &ince it would
be unaccaptable to test all of theas combirnations
{a total of 2,250 tests) a statistical sethod
known as surface respunse theory has besn used to
plan a programme. Details of thiz method have been
given by Cochran and Cox (5). Por sach of the
eightsen fibre/aggragata combinations a rotatadble
draign utilising 14 extrems combinat.ons and 6
» ) cuabinations of tha mix _.aign pareseters is
used to indicats ths combination of mix deaign
parameteca waich will be most effective in —-4ucing
projactile penetration. The response surfar,
derived from the actual tast reasultm msay -0t
indicale an optimun aix within its (ster-shaped)
boundariee. Thus the optisum mix design may be
indicated as not part of the actually tested
range. In this case a "cormer filling" tachnique

48

as described by Anderson et al {4) ray e used to
identify anu check the optimum nuix.

SPRCINEN PREPARATION

In a full scale structure, the fibre-
reinforced concrete would be applied over a larje
area, hance it was coniusdersd vitadl that local and
globa! effects ware Zeparated in the iaboratory
tests, only local effects being considersd
important. For this resson slabs of various [la,
dimencions weras testad, using a typical stesel
fibra reinforced concrate mix to determine the
miniwum targel area required to snsure thiat gross
cracking did not occur in most cases. In conjunction
with these teats, slabs of varicus thicknesses were
tested in order to obtain a valve at which parfor-
ationwas unlikely to occur in most cassgs. As a
result of these tasts, a standard apecimen size
of 450 x 450 x 125mm was dafined.

Since cne and s of this metarial is to be
a capability to rapidly upgrade the potential
resistance of a existing atructure, a major
conaideration is that aga to gain sufficient
strangth ¢ resist attack must be minimised.
Without using fine-ground cements and/oxr concrete
admixtures, the sxtent to which the commiszioning
time may be reduced ig limited; howaver it was
felt that an age-to-test of thres days repreasntad
areasonable compromise.

All mix designs were developsd assuming
completsly dry aggregages. 3ince it ia not
poasible to justify this assimption with avail-
able materjal, 4 moisture content calculation,
using & standard siphon-can test (British Standard
812 (7)) is carried out on each azgrvgate
inmediately prior to casting. The percentage
molsture content by dry aggregats mass is
calcuiated, this contribution being allowed for by
an increase in aggregate waight and a decreass in
weight of water in the final mix designs.

All mixing is carried out in a horizontal
rotating psn mixer; the concrate constituants are
charged in a standard ordar, thut i3, fine and
coarse aggregates mixed together before the cement
and wvater are simultansouely added to the mix.

For all the various fibre types it waa found that
the optimm fibre distrihuticn was established by
adding the fibre to the alrssdy mized concrste
satrix. This ensures A minimum of ‘balling’' of
the discrete fibre lengths. In the case of both
tha stecl and polypropylene fibres, sufficient
ssparation can be achisved by shaking the fibres
slowly inw the surface of the rotating matrix,
through a larye mesh. A mors rigoroug and time-
congsuming process is necessary to persuade the
vary fine (l2ym) KEVLAR-2S single filaments to
wparate to an acceptable degres. The procedure
adoptad is to initially separate the matted fibre
by hand to reduce it to reasonably saall conglom-
erations. It is then pneumatically injacted
directly ontc the surface of the rotating concrets
s as to further encourage it to seperate. Tha
more open mat can thus be worked into the concrete
by the action of the mixer paddles. Whilst this
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method doeas not ensure a complete se, aration of all
the fibre cunglomerations it does give a composite
rix of reasonably uniform appearance, becoming
less acceptable towards the waximum fibre volumes
‘thich can be incorporated. 1In a field situation
it would perhaps be more viable to use a tezhnique
in which the sprayed concrete passes throuwh a
pneunatically held curtain of fibre, though the
prastical problems of this xind of approach have
not yet been fully considered.

All specimens are de-moulded after one day
and stored {n a standard high humidity roocm
(20 + 19%C:908 + R.b.} until imsediately prior to
testing.

TEST TECHNIQUE

Aftex curing specimans are rigidly fixed tn
a target frame offering firm edge swport to tne
back face of the specimen, with the 450mm square
cast face pointing tuwards the projectile firing
equipment.

The projectiles are fired remotely in an
enclosed 2 long firing range. A 7.62mm diameter
rifle barrel 1s attached to a pressure housing
incorporating & breech, firing pin, bolt and
trigger machanism with safety catch. The pressure
housing is itself rigidly attached to a steel
frame which in turn is bolted to the range floor.
The trigger mechanism is connected by a detachable
linkags rod to an 11.4kg pullout, 18mm stroke
length mains solenoid. Pror safety reasons the
sclencid is activated remotely using a firi.g Eox
fitted with an aming key and off-biased switch.
Connection wires are coaxial and a capacitor is
uged across the mwitch to reduce electrical inter-
fersnce with ancillury equipment.

Bullet velocities are ponitorad using
photodiode-bused trigger circulig tc start and
stop an electronic timer. Usually, two stations
arc used, placed close to the target and ons
metre apart, although the option of uring three
stations, both <0 give a velocity checi and 1lso
to calculate deceleration, s avaialble. The
timer is triggered by a change in voltage output
exparienced by the photodoide cirsuit when tpe
bullet passasg betwean a focusmsed light sourcs
»qd the light-sensitive photodiods. A 70-80%
Tucciss rate is norsally achieved with this
equireant, failure being dus usually to external
inter:vrence causing pramature trigge.iuy.

High spead photography is being used in an
Attempt to capture the detail of che impact event.
Using a Barr and Stroud rotating mirrcr Cemara,
capabls of a framing rate yp to two millicn frames
per sscond over 30 frames, a s«ries of photographs
of the bullet in flight taken at l.3ua intarframe
hax been produced. The variable nature of both
the hullet detonatian and the velocity in flight
make it difficult to accurately predict the time
to inpact of the projectile with any degree of
procieion (relatively to the camera's capabilitiaes).
Hencse, any attampt at photographing the bullet
in this way must carry only & limjited probability

of success. In order to cffsat thii, a rotating
prism camera, capable of wp to 20,000 frames per
socond is also being used, thowgh this is not
capable of the same amoun: >f detajl.

Various types of detactor 0 mmasure crack
velocity, spall characteristics, stress wave
propagation and projsctile retardation through the
tavget are also under developsent.

POST TEST ANALYSIS

Dumage to an iepacted targ.t consists of
front face spall dasage, a burrow and possibly
back face scab damage. Spalling and scabbing
result in craters being formed, the extent of
damage may then be quantified in terms of the
dimensions of these depressions. With fibce
inclusions a lot of damagad material remains
loosely attached to the target. This is removed
to expose the trus crater whose depth at various
grid points can be found using a specially
cons-ructed r';y with depth gaury connected to a
displacement transducer which in turn is connected
via an analogue/digital converter to a micro-
computer. This automatically produces crater
profiles and calculates crater volumes. Details
hzva been given by Andersan et al (6).

Preliminary tests in which targst perfor-
ation occurred showed that the projectile exit
uole was rarely ‘n line with the initial impact
hole. Deviation cf the projsctile from its
original flight path must have takan placa within
the target. Since to assess the resistance of the
particular specimen it is necessary tn measure the
penetraticn path length, a 15Cex diameter core |,
takan perpandicular to the target frent face and
containing the damaged section of the sample. If
the slab has not been perforated, thin glices are
sawi from the rear face of the core, and parallel
to it, until thea hardenad steel tip of the
projectile is encountersd. Using both this point
and the entran”e poaition of the projectile, a
mOgt probable path may now be estimated %0 allow
the core to e sectiongd, thus exposing the
burrow formed in the camponite.

FRSULTS AND COMMENT

T experimental programme is still in
progress and very few gtatisticil series havs baen
completed, those serving oaly to establish tha
erithmetical correctness of the microcosputar
based unalysis. various practical difficulties
have yet to be ovexcome, iacluding cantrol of the
aggregats soisture contant and » valid method of
asseseing its contr{.ution to the concrets matrix.
Sinoe using the dry mix gpraying process watar/
coment rxatio is contrilled by tha spray gun
oparatar, it is importanr that a fundamantal
understanding of tha effact of varying weter
content is attained. It is cansidersd that,
providing » rigorous montrul of the fibre concrata
const_tuents can be ensured, tha surfsce responss
theory approach should give an acceptable solutien,
within the limits dictated by the nat'ue of
dynaaic testing.

R




Bxperimental work is proceeding to establish
the mechanises of failure and also to record the
characteristics of the overall impact event.
Exauination of a sectioned sample, after pane-
tration, typically shows a crater uf approximately
100~130mn diametar and 30-40mm depth devaloping
into a burrow, which may be straight for the first
20~-3Cmm. Howaver, probably at the point where the
copper jacket strips from the hardened steel core,
the penetration path deviates fram the original
flight path (i.a. normal to the irpact face) by

an angle of up to approximatsly 80°, the position
of this deviation is aarked both by the presence of
the jacket and also by a local widaning of thn
burrow, as shown in Plate 1.

The hardaned steel core may then continuve
along the naw straight path for a distance of up
to 70-80mm before coming to rest, Plate 2.
Alternatively the sawa sort of distance may be
travelled on a curviny path, Plate 3, which may,
in extrome cases, lead to the projectile coming to
re3t in a direction totally opposite to its
orientation on entry, Plate 4. It should be noted
that these targets have besn sectioned and the
full thickness is not shown in Platas 3 or 4. It
the change of projectile diraction is extreme, and
purheps dependent upon whether the core is in
colliaion with aggregate or mortar immediately
afier tha copper jacket is stxippad, the hardanad
stael core may undergc a stress which exceocds the
material strangth, hence the core fractures and
rapadly comeg to rest, Plate 5.

Copper sheath

Aggregate particle

Preliminary panetration tests carried out
on spacimens prepsred to datermine the saximm
volume of XEVLAR-22 which couvld be incorporsted in
the concrete mix indicatsd an intereating trand.
In sevaral cases it was obeerved that normal
penetration dapth, as opposed to penetration path
length, was much lower than expacted because of
gross deviation of the projectile during pens-
tration. This change in path seens to have
occurred as the projectile travelled through
conglaserations of fibre within the composita,
Thase cohglossrations of fibre wers a result of
trying to incorporate too much fibre in the mix.
This Dehaviour sugpests that the projectils may be
induced to deviate during penstration by in-
corporating a serias of “"relative wids" {compared
to the desnity of the concrets) into the compogita.
First indications are that the voids nesd to be
slightly smaller than the projectile length to
induce instability.

Some problems exist with this typs of
approach howaver, the first being that it is
necessary to fully understand the mechanizms
involved in the projectile/composite interaction
in ordar to ensure that deviation doas occur.
Anothsr problem is the reduction in structural
intagrity which will result from delibarately
including voida in the concrete. It may perhapa
be necessary to reatrict the use of such amatesrial,
enplaying it solely for up~grading pruposes on
existing structuraes. The difficulty of ensuring
a rsascnable distridbution of “"relative voidz" using

Projectile impact trajectory

Spall region

Lead plug
Hardened steel core
Saw cut

Plate 1 Penetration of hardensd stesl cors projectile through a fibre reinforced concrete target showing

deviation of projectile path where shaath is ltrgmod from proisctile coxe
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Flate 2

Deviation of projectile along a

Plate 3

straight path

Deviation of projectile along a

curved path
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Plate 4

Daviation of projectile to complete

Plate

5

a U=-turn

Deviation of projectile causing

Iracture of the hardensd steel core




& spraywd concrete process would also nesd to be
ovarcome.
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ABSTRACT

;:_A{POOI'?lO

This paper sumsarizes some recent
analytical and experimental work on pene-
tration into geological targets. Resulta
from sevoral elastic-plastic type theorst-
ical wodels vhich predict forces on pene-
trators for normal impact into dry porous
rock, concrete, and sea ice targeta are
presented and compared with msasurements
from field tests. Rigid-body acceleration
data from nevly developed laboratory scale
experiments for impact velocities batween
0.2 and 1.2 km/s are also punntﬁ\

ANALYTICAL MOZRLS

In recent papers, Forrestal and
longcope [1,2,3] develop several elastic-
plastic type theories to predict forces
on conical-nosed penstrators. Constitu-
tive target description consists of a
linear hydrostal and a Mohr-Coulomb fail-
ure criterion with a tension cutoff [d].
Nathematically, -

P =Kn (la)

Cp = Og ™ WP + T, ,to'(l-u/3)0(1b)

gy 2 - Y (le)

whare p is hydrostatic pressure, n is
volumatric strain, g,., 0g are radial and
circumferential stress components, mea-
sured positive in cowpression, Q is uncon-
fined coxpressive strength, and Y is ten-
sile strength. As shown in [1,2], these
equatiams provide reasonably acourate data
fits to triaxial material test data for
dry porous rock, concrete, and sea ice,
These analyses use the cylindrical cavity
approximation (%] whioh idsalizes the tar-
get as thin independent layers normal to
the penetration direction and simplifies
the problem to one-dimensional wave dropa-
gaticn in the radial direction. Governing
equations are subsequently reduced to

ANALYTICAL AND EXPERIMENTAL STUDIES OM
PENETRATION INTO GROLOGICAL TARGRTS

L. N Lee

Xtech Corp.
Albuquerque, NN 87110

nonlinear ordinary differential equations
with a similarity transformation and
solvad numerically or in closed form.

Layers of target raterial are ex—
panded by the penstrator nose vhich opens
a cavity large enough to permit penatra-
tion. This expansion produces annular
regions of plastic and elastic responsa.
Forrestal and longcope [1,2,3) develop
four target response models; rigid-
plastic, elastic-plastic, rigid-cracked-
plastic, and elastic-cracked-plastic. The
elastic-plastic model is derived first and
results show that circumferential target
stresses in exocess of reported tensile
failure values [4] can be Usveloped. To
correct for this inadequacy, the rigid-
cracked-plastic model is developed. This
model has three regions of response; a
plastic region next to the penetrator
noss, a radially cracked region with cir-
cunferential stress set to zerc, and a
rigid region. As typical with rigid
regions in plasticity solutions, particle
velocity is taken as gero and the stresses
are taken as thosa from the static molu-
tion [6]. Por the elastic-cracked-plastic
wodel, the rigid region is replaced by an
slastic region.

To oflculate penetration resistanoe,
radial stress on the penatrator noss is
required as a function of the target mate-
rial propertius, Denetrator ncse shipe.
and penetratcr axial wvelocity. As deriwd
in {7], the axial resultant force on a
conical nose is given by -

- 2
P = xa o, (2)

vhere & is the radius of the cylindrical
afterbody and or is the radial strass on
the ponetrator nose calcoulated from the
target motion analyses described above.
Radial stresses on the peratrator node
from the four responss modals for a sea
ios target with p, = 0.92 Ng/m’, K = 4.0
GPa, tp = 10.3 NPa, u = 0, Poisson's ratio
ve= 0,27, and ¥ = 0.8€ MPa are shown in

a2




in Fig. 1. Theaa data and squation (2)
can easily be appliad to obtain pesnetra-
tor rigid=-body motion. Radial atress
curves of the type shown in Fig. 1 are
givan in [1] for a concrate target and in
[2] for a dry porous rock targat.

COMPARISON OF PREDICTIONS WITRH
PIRLD TRST DATA

Test results for penatration into
pack ice targets lccated in the Lincoln
Sea, near Alert, Northweat Territory,
Canada, are reported by Young {Q].
penatrators had total length 1,07 =,
outar diaseter 70 mm, a conical nose with
length 140 mm;, and wmags 23 kg, Four pena-
trators ware air-droppad and impacted the
pack ioe layer at V. = 15§ m/a. Onboard
accelercasters, l&qunl conditioning equip-
mant, and a transmitter were containsd
within the penatrators. The transaitter
package occupied the aft 18 wa of the
penetrator and was strippad from the main
penetrator by fins which sventually inter-
acted with the ice target near the sur-
faon, Thus, the transmitter remained near
thu ice surface, rombined electrically
conngctad to the main penstrator with a
trailing line, and trangmitted accelera-
tion-time data to an airborng recsiving
station, Pour deov.erstion-time records
with 1 kBs resolution are presanted by
Young {8] and one of thase records is
shown in Pig. 2.

Predictione of rigid-body panetrator
decalerationz using Hounds on tha shear
strength data are aliso shown in Pig. 2
From Pig, 1 and eqQuation (2), dsocsleration
is calculated fron

dv

m-d—g---!'

vhere m is tha pensetrator mass. The pesns-
trator strikes the target at Vg = 1359 m/e
and the calculation starts whon the nose
is fully embeddsd. After noss penotra-
tica, t > 1 my, the theory prediets &
slight decay. At t = § ms, the panetrator
has travwelaed one body leagth and it is
assumed that the transmitter package with
mag 3.2 kg has bann suddenly remowed by
tha ioe crater. This mase change produses
the acosleration jumps ahown in Pig. 2.
After t = & ma, the penetrator progresces
with mass 19.5 k¢ and eventually comes to
a sudden atop. The suddan dsoeleration
change oocwra becausa & ainimum threshold
value of radial strese is requizred to opsn
4 cavity and parmit penstration. This
thresbold stress iz tha quasi-static
solytion showm in Pig, 1 for V approaching
sero.

(3)

[P e A —— e

Cormparison of Ymdlcuom and asa-
surement from a field test into Antelepe
tuff, a dry porous rock target, at the
sandia Tonopah Test Rangs, Nevads, is
shown in Pig. 3. Thie pensetrator has -
total length 1.5¢ m, afterbody diameter
0.13¢ », mass 162 kg, and an ogival neRe
with €¢.0 CMi. The previously discussed
theories are developed for conical-npoasd-.
penatrators, vhereas this penstrator has.’
an ogival noss. Data from several hun-
dred soil penatration test2 [10] indicatas
that & 6.0 CA% ogival nose and a oonjoal
nose with half apical angle ¢ = tan™! Q.M
axe nearly aquivelent and this is ussd 'for
the trajectory calculation. JFor this test
the panetrator was propellsd with a Davis
gun and impacted the Antelope tuff layer
u;. :30 [:/]'n other test details are report-
[ n .

As dimoussed in (2,2), sliding frie-
ticnal foross produce an additional source
of resistance to penetration and the pre-
dictions shown in Fig. 3 includs and
neglsect sliding friction. Prictioaal
resigstance is wvelocity dapendent [11] and
this mechanism is required in order to
qualitativaly predict daceleration~timg
profiles into dry porous rock targets.

LABORATORY SCALE BEXPRRIMBNTS

Rooent laboratory experimants were
davised [12] in order to complemant f£isld
test programs and to cbtain data at im-
paot welocities beyond tha current £ield
test capability. Gas guns are used to
accelerats foundry core targets (e simu-
lated soft sandstoms) to steady velocities
after which the targets impact 20.6 =m
diamster pandtrators instrumsnted with
piesoelactric acceleromaters. Rigid-body
agoeleration data ars reccorded for ons
ogival and two conical nosa shapes Over
impact wlogities betwesn 0.2 and 1.2
ku/s. Data from these penectration expari-
mants show a departurs in the scaling law
which relates foros tO panstritor velocity
for all thres noca shapes at impact veloc-
itiea in the neighborhood of 0.5 to 0.6
ke/s, which ic curren the limiting
impact welocity for full sotle tests.

Datz and a power law £it for a €.0
CM note shape are shown in Pig. 4. Pone-
tration dats in Pig., ¢ were obtained from
sxporimsnte oconductad on tha Alx Porns
VWeapono Laboratory 102 sm bore gas qua
and the University of Dayten Resoerdh
Inatitute 178 mm bore gas gwa. Meiarity
of the deta ware cbtained vith the 102 mm
oum and the exporimsnts with che 176 =
gun were conducted in order to demonetrats
that sampla mise did not sigmificantly
affect penetration resiztancs.
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The analytical models discussed pre-
viously are elestic-plastic modela, MNow-
ever, triuxial test data for the foundry
core matarial (12} indiocate no yieldiny
of the material and the existing models
are not directly applicable. Work on
modaling of tha foundry onre material and
davaloping a penetration theory for this
target saterial will be oconducted in the
future. B8inoe empirical models are widely
used as predictive tools, the data in
Fig. ¢ ocan be described conveniently in
the form

PV, 0.5 <V <1.2kn/s (¢)

where K = 109, n = 1,29, and I, V have
units of kX, km/s. The root mean rela-
tive error for the data fit is 0.6 percent.
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Pig. 2. Deceleration-tina msacuramont and
prediotion bhounds for a aaa ice
target.

Pig. 3. Deosleration-time measurasent and
predictions for a 4ry, porous roch
target,
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ABSTNACT

haviour of deformable projectiles ia re-
%a!orad qonecrets slahe that

classicalQRpanstration foramlas dsvelop-

od for nwjoemu are Mt i
cable to ibe the peastratioa im~
pact velocitiss beatwsan 100 and 400 A/'s.
The messured crater depths are smaller,
sha divergenos increases with higher ve-
locities, bedavse the projectile de-
formation iteelf conausee a oomaiderthble
amount of the kinetic eaergy of the pro~-

Jectile
A

Defore and during Morld War II many
exparimental {nvestigations oconcerning
pehetration and perforation of projec-
tiles intc concrets slabs have been per-

INTRODUCT TON

formpd. The regulty of theee teste formed

a data base for many empirical and semi-
empirical formulas. Nowever, thase for-
aulag are ptrictly applicable only for
these input data.

In recent years special eschasis
has been given to the problems of impact
of highly deformable projectiles, e.g.
airplane crash on 4 nuclear power plant.
The purpoae of investigations performed
at the Reraat-Hach-Institut, Preiburyg, ie
to atudy the penetration ac well as de-
formation of highly deformable projec—
tiles within the velocity range between
100 and 400 n/s. T™he nt{um of target
dimnsiocus on the crater depth will be
discusesd,

PACILITY DRSCRIPTION, PROJECTILR
AND SADOT DRSIGM

The launcher (Pig. V) is & com
pressasd air gun for the low welocity re-
qime (%0 - 3% m/s) amd a narmal powdar
gun for the higher impact velocities.
Por both oconfigurations the same launch
tube i used. The launchar consists of a
prassure reservoir and a smooth-bore

100 s dismster launch tube. A diaphragm
separatss the two parts, Bylar or aluminium
are ueed as disphran aatarials. Presesure
reservoir and lauach tude are 1ed with
& hydreulic clamp. T™he velocity of the test
item is eontrolled by ing the pressure
in the oase of air gun. qun is fixed
ok & stable plattorm,

T™he gun fires iato & clused rapge.
This range oconsists Of three parts (Plg.i):
e dlast tamk (J), the velooity ssdsurement
statiom (¢) and the impest tank (3). Sabot
separation from the projectils takes place
in the blast tank. Nsasurements of projec-
tile velocity are typically performed on
each teat using two direct ohodo-n::sn
stations with point light sourves an
slectronic oouner. T™he poiat lrﬂ light
sources nve triggered by laser light
screens or by rupturs of a thin oopper
wire.

{plccl shadowyraph piotures with
the noge of the projectile are shown in
Pig. J. The projectile velocity is deter-
Bined to an accuracy of about : 0,5 .
The ooncrete slabs are suspendsd in the
impact tank. xhc angle of incidence can be
variad from O up to the riocochet mlo by
rotating the “T suspsasion. The t:r-
jectlles are od 560 lbeand 1000
general purpose baosdb-modsls (scaia factor
1 : 4,%. Bomb-models and targets have
ﬁn scaled according to the scaling laws
LB K

1. All linear dimsnsions of the targets
and projeciiles should be reduced in
proportion to the scale.

2. Original and model should have the
same geometrical shape.

3. The models and the originals should

have the same densitiea and strength
s,
4. T™he t velocitiea of full scale
and 1 tests should Y equal.

The scaled bomb-acdels are shown in
Pig. 4. Only the msan dimensions of the
bomb-models are scaled exactly. Details
like fins, fuse eto. have been ignored.

-
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Pig. 3 Schematic of impact facility

hu ashot faor the ' t 4.5 acaled GP-bomb- bacause this materisl is light and reta-

scdels 18 a fouz pieces sabot with » poly- tively ¢ « Por higher velocities the
sthylenc pusher. Its function is to pro- foam-matorial can he reinforoed with
toct the bomb-mods)l from high pressurs stronger materials, f£idbers etc. The sahot
and to guide and acoslsrate the projectile configuration is shown in Flg. S.
in the launch tube, It muat se:ve as @
good preSiure sesling during ths acos- The targets Are: ooncrots slabas of
lexation. The sabot should be as light as quality BNIS with ocubic reinforcement. {
preaible and as etrong as poseible, Hard The aize of the targets was €0 x €0 x 40ca, t ,
etyrofosn is used fur the four piscas, thick enough to prewent spsllatica at the !
28
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7ig. 4 Dbomb models

Rig. 3 Sabot contiguration

rear side of the target. Thus, the target
oah be considered semi-fnfinite, becauae
the target thicknese was suhstantially
thicker than the crater dapth for all
tests .

RESULTS

The measured crater depths produced
by the 500 lbe~GP bomb-modsl are shown in
Pig. € Ln comparison with well known
penetration formulas: Petry Pormula,
Corpe of Enginears formula (COR) and
National Defenoce Mesearch Committee (HN-
NDRC) formula.

Mithin the velocity range investigared -
a considerable discrepancy betwesn mesaur-
ed and predicted crater depths is obvious.
All experimsntal data range below the
calculated ones, oaly the Patry formula
gives some accordanocs with the experimental
data at low velocities (100 - 150 m/s).
The reason for this ¢lacrepency can be
darived from Pig. 7. It shows that the
projectiles behave as rigid bodies only
up to a wvelocity of about 100 a/s, for
higher velocities plastic deformation is
of increasing influshos. An increasing
amount of kineatic ensrgy is needed for the
deformation, reducing the energy portion
aveilable for cratering. In sddition,an
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Panstration depth versus impace
velocity {comparison with fermulas)

PFig; 1 Deformed bowb models

increase of the gprojectile croges section
18 obeerved, which laade to lower peno-
tration depths. 8inoe 1973 several impact
formulas have besn Aovelopsd for dsfoxm-
able projectils penretration. One of thea
is the Rar-formmia (2,3].

In Pig. 0 tha Kar formula is ®olotted
togather with the penetration depths ob-
tainad from the 300 1ba and 1000 1bs mo-
del-bombs. 1% 10 in 9ood accordance with
the exrezimsatal datk obtained with the
1020 1ba aodel-bombe having a emsller
caliber/well thicknese ratio than the
00 1be medel-bombe. Por the mors de-
termsbis 500 ibs hosb modele, howeover,
acoordance s only cbsoerved at learer ve-
locities (< 150 w/e). The penetratiom
forzala of Rar, therefors seesd to de
valid only for weakly daformable pro-
jectiles. Purthermore the influsace of
the angle of incidencos on craterisg has
besn inwstigated, In Pig. 9 correepond-
1)33 pebetration depthe for 0%, 13° and

age plotted varsus the vo-
locity. The 30 values ers ouly inm
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Ponetration depth versus impact
velocity (comparison with Rar-
formula)
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Yig. % Penatration depth for different
inpact angles

accordance up to velocities of about
150 w/s. Por higher velocitias the pane-
tration depthe are no longer increasing.

The considerable goatter of dsta for
obligue tmpact is dua to an increasing
1iafluenos Of the reinforcemant. It is well
kaown that no inviuence of plate thickness
on ‘crater depth is measurable if the plate
thickneas is more than three timsa the -
cratsr depth. Por lowver valuse wa ocbeerve
& RoTe or less etrong influence of the

late thicknees on the crater depth. Oal
ittle is known about the influenos of
lataral plate dimsnsicns on crater depths.
In cpder to study this influance, plates
vith different lateral dimeasions have
been ted and 4lso plates with iden-
tical ions were impsctedase differem
distances from the edge of the platea. The
rapults show that in both coses only a
®all increase of crater depth was ob-
servrd as long as tha cratar depths are




much smaller than the thickness of Lhe
pietes.

CORCLUS TON

The results demonstrate that the
panetration behaviour of highly deformable
projectiles in concrete ias substantially
different from the penatration of rigid
bodies and therefors “classical® pene-
tration formulcoe cannot be applied.
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RAPID RUMWAY CUTTING WITH SHAPED CHARGES

Charleas E. Joschinm

~

; ABSTRACT

Research has shown that ramoval of large,
partially dameged, concrete runway slabe is 2 wajor
eloment in the time requirad to perform a ruowey
repair operation. A rapid me’hod for cleanly cut-
ting away dsmaged sections would eignificantly re-
duce ovearall repair tims. Shaped charges are
potentially just such a rapid rucsay cutting tech-
nique. This paper presants the results of field
tests designed to evaluate the runway cutting abil-
ities of standard and linear shapsd charges. A
series of 25 runway cutting tests was conducted on
the l--ft-thick (4 in of asphalt + 8 in of con-
crete) undamaged taxiway segments constructed fcr s
recent Air Porce test program at tha vhitu Sands
Misaile Range. Although TON varhesd charges suc-
cessfully penetrated vell into the subgrade, no
cracks were observed betwesr holes, even at the
closest charge spacing. Arrays of linear shaped
charges ware successfully fired to produce a rala-
tively emooth, uniform cut through the concrets,
It wms found that inexpensive, "homenade” linear
chargea gave resulis comparable to commercially
manufactured chargu’r\

1
[
BACKGROUND

The U. S. Ammy Corpe of Pngineers is charged
with resprnsibility for runway repeirs at U. S. Alr
Porca (USAF) airfields damagad by conveational at-
tack when such repairs axceed USAF on-aite capa-~
bilities. The importance ef this wertime mission
i{s obvious in light of our commitments ia both
Burope and the Middle Eaat, where rapid serial re-
inforcemant and vesupply will be essential. Re-
saarch on Repair and Rastoration of Paved Surfaces
(REREPS) hes deen performed at the Waterwmys kx-
perimsnt Station (WES) to develop an improved Army
capability for rapid runway repair under combat
conditions.

REREPS research has shown that reuoval of
large, partislly dsmaged, concrete runwey slabs
is 2 major element in the time required to perform
a runway repair operation. A rapid msthod for
cleanly cutting avay the deamaged portions of these
slabg is nesded to significantly reduce overail
repair tice. Some cutting techniquas currently
under investigation include concrete saws, water
jets and shaped charges. This paper presents the
regults of gshaped charge runwa; cutting tests

32

U. S. Army BEngineer Waterweys Experiment Station

conducted by the WES Structures lLaboratory (vith
the assistance of parsonnel frca Company D, 52nd
Engineer Battalion (Ft. Bliss, TX)) at the White
Sands Miesila Range, WM.

0B JECTIVE

The study objective was to evaluate shaped
charges as a mears for rapidly cutting damaged
runwaya. Specicic test objectivas were to valu-
ate the rum~y cutting abilities of conical shaped
charges, and commercially sanuractured and "home-
made” linear shaped charges.

N

APPROACH

Shaped charge rumwey cutting tests were con-
ducted on undamaged taxiway segments constructed
for recent Air Force quantity-distan:ce experiments
at the Quaen 15 site un the White Siz.'ds Missile
Range, WM., The taxiways were built to design
standards currantly in use at USAF Burope bases
in Germany. Pavements congisted of 8 in thick
unreinforced concrete slabs overlain by 4 *n of
aaphalt, and underlain by a 6 in etabilized aggre-
gate base courae over a compacted subgrade
(Figure 1).

WES obtained a number of aurplus TOW (Tube-
launched, optically-tracked, wire-guided, antitank
wagpon) warheads. The TOW warhesd consists of &
conical shaped charge approximataely 5 in diamtar
containing 5.4 1b Compogition O axplosive (Fig-
ure 2). The werheads were fired individuelly to
deterainy optimum gtanduff and in linear urrays to
determine if the sladb would fracture between pene-

" trations. The charges were statically fired with
the windbreak left inplace giving a ainimum ahaped

charge standoff of 4.2 in. Standoffs for indivi-
dual firings vanged irom this niniaum to & waximwm
of 2.85 ft, The linear arrsys wete fire with
spacings of 9, 12, and 18 in, all using the mini-
num stanc .ff.

Commercial linear shaped charges were pur-
chased "off the shalf” from Jet Research, Ine (JR),
Arlington, Texas, in 2.° and 4.5 1b/ft designs.
The charges contained Composition B as the primary
explosive. The manufacturer's quoted price wms
$125 and $145 per ft length, reepectively. The
2.5 lb/ft charge came vith an undervater houaing
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{(Mgure 1), giving a minimum stecdoff of 1.75 in.
The 4.5 1b/ft charge (Pigure 4) could be placwd
directly on the target surface (0 in minimua
standoff, i.e., with no stapdoff).

In an sarlier study at WES, the effective-
ness of nitromuthene (M) as an explosive Lource
in "howeaade,” conicel shaped shurges ws inves-
tigated. Although 1t was found that twice as much
MM was needed to odtain the same shaped charge
penetration depth as standarl shaped charges
ueing solid explosive, it was felt that W has
several overridioz edvaantages. The advantages
of using for example; 1) it {s classified as 2
flammable 1iquid and is shipped and stored as
mich, and 2) as & liquid it hae uniform properties
and assumes the shapa of the containar used. Con-
ventional shaped cherges, on the other hand, use
high explosives and are subject to the shipping
and storage restrictions of those wmaterials, vith
controls wuch snre stringent than those for flaw-
mable materiala. Because of thase reduced re-
strirtiona, the use of N for runway cutting
charges could ba s distinct advantage at USAF
Burope bases, with their congestion and limited
munition storaga capacities.

The X¥ linesr shaped charge container used
in these tests was designed and fabricatsd st WES.
This container is shown in Pigure 5 (plan and
cross-sectional view). A 3/16 in thick brass
liner with 60° fncluded angle and 4 1a throat
vidth wei selccted for this charge. Thus, the
liner thickness 1s 4.7 perceat of the throat
vidth, vhich is larger than the normal rangs of
0.5 to 3 parcent for conicel shaped charges.
Lipited comparative testing with 1/8 and 3/16 in
thick liners at WES indicates that the thicker
liner psrformea better for soil penetration. A
4 ft charge length was salacted to insure that the
detonation would propagate in a linear fashion.

RESULTS

Shot gecaetry and penetration data are pre-
sented in Table 1. Tha holes produced by all TOW
wrhead firings are skatched in Mgure 6. The TOW
penetratad the pavement without difficulty, reach-
ing a maxisuz hole depth of 7.2 ft at the sinimum
standoff of 0.35 ft. Typically, the warhead
cratersd the & in thick bituminous surface layer
of the pavement, and punched a hole on the ordar
of 2 in in dimmeter through the underlying con-
crete and wall into the subgrade. HMowvaver, no
interhale concrete cracking waa noted in any of
the linear arrays (sven with a charge spacing as
close as 9 in), although che asphalt layer ws
ususlly excavsted batwaen shot holes by the blast.

The N4 1inaar shaped charze craters ara
skatched in Pigure 7. These charges showed &
capacity to sstisfactorily penetrate the taxiway.
The maxinmum pavetratiom of 1.0 ft was obtained
from charges at 4 {n standolf, or one throst

vidth sbove the surface. Typically, the cratar
width {n the asphalt wes 2 ft, ar 3 to & times
the crater width {n the underlying concrete.

When individuallw=boosted MM linear shepeu charges
were placed end=-to-end and detonated through a
primacord ring main, they successfully susteined
s relatively uniform cutting action over the
length of the array.

Craters produced by the JX commercial linear
shaped chatrges are skatchad in Pigures 8 and 9
(2.5 and 4.5 1b/ft charges, respectively), The
charges performed best at the manufacturer's
bullt-in standoffs of 1.75 and 2,25 in for the 2.5
and 4.5 1b/ft charges, respactively. The smaller
charge did not completaly penetrate the concrete.
The jarger JR charge, 1like the NM charge, was just
adequate for this purposs. It also demunatrated
the capabilit; to excavate s relatively smooth cut
ovar vhatever distance night ba desired, lacluding
4 cut around a 90° corner (Shot 25).

DISCUSSION AND CORCLUSIONS

An early Picatinny Arsenal repor: (Refer-
ence 1) {odicatas that the confcal shaped charge
peastration roughly ocalas in proportion to the
cube root of the explosive charge weight in perma-
frost. Using the analogy of spherical cratering
charges to linear cratering {ditching) charges,
square root ecaling of linear shaped charge pane-
tratiou {s suggested as a logical extension. The
maximum penetration of the 2.5 and 4.5 ft/lb JR
charges and the WES 12 1b/ft NX charge are plotted
in Pigure 10 in an attempt to provide information
for prediction of the linear shaped charge neces-
sary to cut various runway thicknesses.

Square toot scaling curves are presented in
Figure 10 for the 4.5 1b/ft JR charge and the WES
12 1b/ft WM charge. The 2.5 1b/it JR charge pene-
tration data point falls 3B below the prediction
curve. This {s probably due to the fact that the
smaller JR charge was not an exact physical modal
of the larger charge, and partly due tu norwal
data scatiter. A larger smmple of penatration ver-
sus optimum standoff data is necessary before a
statistical acaling celation can be detarmined.

The TOW wvarheads are not by themaelves use-
full in cutting runvay slabs. Linear shapsd
charges are a feasible wathod for rapidly cutting
runways #0 as to permit removal of damaged alabs.
Final proof of this awaits a full scale demonstra
tion to include removal of a slab.
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Figure 3. Two 2.5-1b/ft JR charges with under-
water housing.
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Tigere 3. Deatgn af 12.0-10/1t mm 1insar stapsd evge.

Figure 2. TON warhead being placed nose down on
pavament for firing,

-

Figure 4. Two 4.5-1b/ft JR charges mounted

and-to-end on menufacturer-furnished
standoff,
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Table 1. Shat Bchedule and Beavits

fanuita
. Shot Geometty Figere .
" lacation® Freedefl Spach T _Dumcription  Pemettatien Deagtipion ™.
Ft ;( fr
Ry -3 0. 330 - Wore cone on PAYRRERL (N3 0.17 fr diameter ]
.
Y .12 - - . Fell wvar during detenation; shaliev L}
craer
-1 ToW [ D3] LY -- by 017 ft dlsmmter L] .
=3 TOM =13 1.3 .- .- 147 G0 1t dlameter ’
- TOM -1 Ly - -~ 0,42 ele pl L]
-3 W E-14 PN L} - - 3.9 0.12 ft ¢tometar L}
1671208 3 -1 Tw -1 0.33 1.00 Wone cone o pavemEnt - Ralfunctionedt
-1 TN 1) o 1,00 Nops cone on pavement “8n 0.71 ft dissater; ahallew connection 1
to 1}
-3 Tow =13 0.3% 1.00 None cone on pavessat 442 0.17 ft diameter; shallow cosmaction )
to ¥
-, TN (3} 0.3 1.00 Note cone on pavemsnt .42 0.21 ft dismetar: shaliov comnaction ] '
) to ¥3
‘ -5 TOW C-13 0.8 1.00 NoRe cOne O PAVEROAL o.n 0.2} fr diamster; ahallov connection ]
to 3-4
l
18/13%0 0 -t ™™ 12 [N 1] |8} Reae cone oA pAvERIRt 3.83 .29 fr diasmver ]
- oW 12 (118 13 1.3 Nose cone on pavemmat L8 0.2 fr dismater L}
i <1 TN c-12 0.3 1.3 None cone on pavemsmt - Palfenctloned?
- Tw c-12 oy |8 Nowe cone o pavEwRnt - Malhenctionedt .
-5 ToM C-12 0.3 |18 Wost “one On PATEESAL - Malfunet fomed
1871487 S -l T &~ (3] 1.3 Noae cone on pevemant 313 0.3)-ft dlemater ]
: < TN (32 #4 0.3 1. None cons e pavesnt 0.47 0.20<f2 diemmter ]
-} T o2 0.3 1.3 Nese cond on pavenant 3.% 0.3t dlamter [}
-4 TOM o=t2 N 1. Nose cone on pavessnt 1.58 0.11-(r dismuter L]
‘ ~5 T c-t2 .3 1.3 Nose cone on pAVEDSRt 5.42 Q.33=1r diamster 3
' b TM (23} 0.3 |8} Mose come on pavessnt 5.42 0.13-fz diameter L}
. 177090 3 -1 oW 13 0.35 N Hose cone 08 pavament Shallow crater througa asphalt onaly L )
' -2 T K- 0.3% 0.73 Mose cohe on pavenent 0.19-£2 dismeter; cosmacted to &~) L}
i by trench throwgh shp™ait
«1 TOM M1 0.3 018 Nose cons on pavewswt Ly 0.)8~ft dismater; connacted to b2 ]
and bed
= T w13 0.3 0.7% Noge cone on pAveRAL 4.%0 0.13-f¢ disanter; connected to ¢~} ?
by trench through sephalt
-5 TN 23] 0.3% 0,75 Nose cone DA pavenent .- Shallow crater through asphalt only 3
: 1710 e ™ Bl [ 3] -~ - 1.0 8.2) ft (allback ¢
] R L] E-1] 0.87 - - - Kisfire
' 141323 LI ] E-11 0,87 - .- - Miafire
1771808 10 - A E-11 0.62 - -~ 0% Some Taliback ’
'
171433 1L -- MM €11 1.5 - - [ X1 Sowr faliback .
Table 1. Cancluded
= - Regults
Shot Charge Shot_Geomet Ty Figure
Day/Time W~ Bo. __ Type _  location® Stendoff Spacing =~ Description _ ~ Pemstration _____ Deseripedon ~~~ No.
August 1982 ft 1 {3
18/1036 12 -~ JR 2.5 Wi w11 0.15 End to end & charges 0.42 Some cracking below penstration 10
181122 " - IR 2.9 1/ w12 0.AB  End to end 2 charges 0.%4 - 10
{
18/1250 1 -~ I 2.5 1B/t Qe-11 0.3 - - 0.30 - 10
18/1337 15 - IR 2.5 b/l E-11 0.1y -~ - 0.50 Concrete cracked below penetration 10
18/1430 18 - M 12 1.00 -~ - 0.78 - ]
1871522 17 - W ' c-10 0.33 Bnd ta end § charges 1.00 - 9
19/°015 18 -~ IR 4.5 1% €-11 0.1%  Bnd to end 2 charges 0.1 - 3%
1571050 19 = IR A5 b/ c-10 0.00 Wnd to ead 7 chavpes 0.47 - n
19,1127 20 - IRAS W/ ¢-11 0,38  Ind to end 2 chargus 0.1 - 1l
1971248 E) -=  JR A5 Ab/fe £-10 0.56 Bnd to end 2 charges 394 - 11
18/1327 22 .- IRALS 1B/t E-10 0.28 nd to end 2 chorges 0.15 - 1n
1971413 23 - W c-10 0.00 -~ Single charge 0.0 - 9
19/145¢ 24 - JR 2.3 b/t 1 «0.19  Bnd to end 2 charges placed rver 1.00 Total penstration shots 1S and 24 10
erack in concrete
fromw shot 15
{balov original
surface).
20/0944 2% -~ JR AL MMMt | 3] 0.19 End to snd CTharges in 1.00 - 1

formation.
5 charges in each leg.

* Ewpansicn-joint “coordimates": eest, center, west (K, C, W}--joint mo.
4% Jncludes built~in atandoff i{n mows {0.35 fr).
t Apparently detonuted, but produced no pemetvation or crat.t.
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ABSTRACT

]

Impact forces from hardened, concrete targets
to a General Purpose Warhead (bomb) can in some
ceses cause outer-case failure and breakup of the
high explostve (HE) filler oprior to fuse
initiation. The detonation that is expected to
occur under reliable penetration and for totally
confined conditions can be reduced to that of a
raptd deflagration with reduced demage to the
target/structure, This  paper presents the
solution to the dynamic equations of motion for
gas-particle systems that simulate in one-
dimension, the high pressure, subdetonaticn speed
reactions 1n  such beds of fragmented high
explosive. It is clear from the results presented
that inittation of a damagad, fragmented explosive
will not necessarily result in a strong gdetonation
if the mass and momentum losses from side vents
(caused by the impact) are sufficiently lcrgo‘

INTRODUCTION

The application of 6P warheads on expensive,
high priority sorties against hardened targets
requires maximum reliability of penetration and
detonation, Conditions can exist (off-axis
impact: superior hardening) in  which the
conventional munitions fail to penetrate and
detonate, The warhead fatlures are wost often
case fatlures (where the losds during impact cause
rupture of the case and fragmentation of the high
explosive) prior to fuse functioning. The result
can  be  low-order  detomation or  unsteady
deflagrations within the dasaged explosive
itself, However, such “explosive" reactions can
still exhibit measurable lethal effects ageinst
substantial concrete structures, especially {f the
explosive is  cartially contained (by the
surrounding soil, for example.)

Figure 1 is a sketch of a 6P bomb that has

cratered a concrete surface by impact only,
cdusing partial case faillure, and wmore
importantly, causing sections of the high

explosive to be fragmented into a configuration

+  Wor
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is Program Manager,

L d
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WODELIHG THE BURW-TO-VIGLENT REACTION
TO SIMULATE IFPACT-DAMAGED 6P WARMEADS *

Herman Kriar ®, Wartin Daha **, and P. Barry Butler **

University of Illinois at Urbana-Champaign, £180)

which is similar to s packed bed of explosive
qrains,

What is eavisioned ¢o follow the impact and
fraomantation 1s initiation of the fragmented
explosive either by the fuse at on® end or by
friction/rapid  shear at  the  cage-filler
interface. Ry separating the impact end material
breakup/frecture from the inftistion process, it
fs possible to perform the unsteady two-phase
reactive flow analysis in order to predict whether
ODT (deflagration to detonation transition) cen be
expected,

Fig. 1. Cratering of concrete surface by GP bomb

impact

ASSUMPTIONS

(1) The analysis considered in thiz peper
explicitly assumes that at time t = 0,
initiation by the fuse or rapid shesr
mechanism will allow a deflagration with
the supporting pressure buildup teo
penetrate into the damaged (rubblized)
explosive,

{2) The deflagration and possible detonstion
occurs in only one dimensien, x.

(3) The surface-to-volume ratic of the

Eglin AFB, FL.,

(AFATL /OLYV)

Professor, Department of Mechanical & Industrigl Engineering
NE/IE Department
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packed! rticles {explusive) i3
suff ctently Mgh to be equivalent to
spheias  of the  millimeter and
submillineter diametar size (f.0. S NV
. 6/d,) [
{4) The sibility of mass, =omuntum and

erergy 1033 1S treated by p3uedo-3ide

venting from cracks of prescribed sizes,
[ at prescribed distences along
the bed, (Details are presented below.)

{5) The separated two-phase flow analyses
previously ceveloped in Refs. 1 end 2
represent the basts on whirh we build
the modeling effort presented in this
paper.

(6) The decision on whether the fragmented
bed of erplosive will trangit inta a
dateration is based on the sransient
reacting flar events occuring in the
first 10 to 20 cm of length, A run-up
of length gredtar chan 20 cm requires
times well bayond establighed
experimental DDT avents.

(7) The explosive particles, ignited 7 @
critical prescribed enargy 1s
transferred (o the tolid, will tum at a
rate, r = ap”, where & and 0 are knewn
values for typical warhesd explosives
{tritonal or H-a).

{8) The porosity of tha fragmented bed (gas
volume/tota! volume)is wuniform and
typicsly of the order of 0.2 to 0.3 .

THE FLUID MECHANICS MODEL (WITH VERTING)

Our analysis of the ruptured shell casing
problem represents an extension of previcus work
done at the University of Illinols for the
anaiysis of two-phase, one-dimensional reactive
flows [1, 2], Wodifications were made to accwumt
for the mass, momentum and energy losses occurring
through the shell opening, A deta derivation
of the governing equations for totally confined
(no loss) conditions cen be found in Ref. 1.

In thy analysis one wmust describe the
congervation of mass, momentue and  ohery
throughout the domatn for both the solid particle
phate a3 wall as the gaseous products phase, fach
phase separately is assumed to be a coatinuum &nd
the system of governing differential equations con
be expressed as:

Gag Continuity

%, b))

i A (1)
Solid Continuity

%, Ybgu,)

ﬂ'l . -—;-ﬁh- “T-8 (?)
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38

gy B

st~

Gas Mompntum -
H
ap,u, ) Plpqu,") Y
- ambbi el L R RS ’
“ b €]

Particle Momentue

2
WFE) dogiy ) » o
N "o T - (1..)—1.! . D*l‘up l},

= Bp¥p (4)
Gas Engogy

a(ozt 1.) 0(.,0(.,# W) .
=t - " - Dy 0

¢ P
(et §) - 05Egre )
L}
()
Porticle Eneryy

Wosbey)  MaguEnytliaduby)
13 b 8

2
U'} .
+ rnpm - +] + mp" Q- .DEﬁT
(6)

Kere, the relatfons for the total internal energy
tn each phise are

. y 2
L LIRS A
and

. 1 2
E’T C”TP ‘3 up n
The sudbscripts g aend E dencte o8s ard particls,
respectively, In Eqs. (1)-(6)., the ophase
dansities ® ad by Wre Gefined as

oytogs  ad gy (leb, (&)

The porosity ¢ 1s defined as the ratio of the
instentanecus Das volum to the wixture volums,
Hence, the s0l1¢s fraction is 1 - ¢ .

In  adéition to the six comgervation
equations, thres constitutive relations are reeded
in order to sclve fer tha nine unknowm variadles,

Betause Of the restricted lamgth of this
manuscript, 1t 13 aot possidia to finclude @
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digcustion ond description of the constttutive
relations tn any detall, MHowever, in functional
term these fepresent:

{1} Jn gquation of state (E. 0. S.) for
the product gases of the explotive,
P 2P K ,E ). The particular
OQ'ANJ o’ st'u vied was ditcuised
in Retf. 3.
{11) An equation of state for the tolid
phase, P« P [ L E ), specitically
;r).. Tatt RouatfonPor Htate (see Mef,
{111} A heat transfer confficient which
;h;s) G in Eqs. 5 and & (zee Ref,
1]
{tv) A gas-particle drag coefficient which
guuutnn D in Eqs. ) ond 4 (yne Ref.
)
{v) An ignition criterton, T 2
Tote (Ref. ) it
(vt} A Eu‘m»g rate relation (es discussed
thove}

In equations (1-6) 2  represents the loas of
mas (s pMase) as @ reshit of the hole present
in the thell casing. The appropriate vartatton of
this term a'3c appears in the momentum and energy
wquations,

Wass Loss Due to Exterior Opening

Figure 2 shows the frageentad bed being
mdeleu, "{mposed on the front face of the
11lustratin  .re the expected pressure-distance
profties .adwing the prefsure drop astociated with
the ptng in tiw case wall (x =« 0.3 cm). A
simplified derivation for the mais lost throughout
the bed langth t3 as follows:

Consider the control volume shown belaw with
s being ejected out the hole:

I
o

s 4 B

The mest rete of Qas 1ot per uait volume

.. 2
Ig v;
3 “egv A (9)

where: 5 » gas density
wl » velocity of gas Teaving the control
volume

Ay * drea of hole

Vome Ont W adx
\ 4 '
el (
Qa « o e ¥
Liem
Vorabine
l.-h’u from ydinon end o bed © hok
Cot (A /1), witth of hol, Az', Moy De voried
nerumder of volare Cols with N
Fig. 2. Schamatic of fragmented bed being modeled

Due to the extremely high ods pressures in
the bed, the gas escaping the control volume will
aluays be choked, Hence u will equal the loca!
spead of sound:

oo 1@, (10)

The area of the DMole s defined as:
A, sax'ax ¢ where ¢= g8 phase volume
!rhctim. The volume of the control call is give~
as:
3
vC,'. . ax
Substituting into the definition of g, one
obtains ' 8

L4 pUAXAX ¢ p U ¢ !
Y V:;"" ax .Jﬂ_&) an
or,
(AR
e I M
T G (12}

where C, s an assumed “opening rMtic®, 0 ¢ C,
< 1. '

If one 13 to consider entrainment of the
unburned solid particles in the oas  escaping
through the hole, the mess lots per wnit voluse
for the solid phase become:

’"Ah .tuD
.p.J_T_..__LLco (13)

ax ax

where Do 1s » drag factor betwee. entriined




particles oand escaping cas,
3 renge from zero tO wnily.
Yy

t

T Wymerica) Solution

The parameter D, has

The system of differential conservation
equations descrided 1n  the previous section,
because of their Aoalinmsrtty, do not sdmit
analytic solution, In onder to odtaln & solution
to the timgedependent differential equations, w
those to discretize the governing equations over
the domiin and write the x-derive’ ¢&3 as Center
differenced first order approximations with the
appropriate  artificie)  smoothing to  assure
stebtliity for the hyperbolic problem. The partial
differential equations are then reduced to
ordinsry differential equations for a given time
step and solved by & standard ODE  nauaerice)
solver. The precesding steps are repedted for
ach tise step.

The results of two-phase reactive flow
calculations are presented in the following
section, A COC Cyber 175 computer was used to
nuaerically integrate the equations. A “typical”
computer run consisted of a t.d domatn with 100
nodes and 3 total elapsed time of over 200 (P
seconds,

Computed Results

The solutions to the conservaticn equations
{Egs. 1-8) with 2thatr required constitutive
relattons will (a) show  that even with a
fragmanted explosive bed, & detonation could occur
1f the container walls remained intact; (b) show
that the ovar pressures could still be
significently high, and (c) most timportantly,
that & vented bomb condition could prevent a
strong detonation and sewverely limit the owver-
pressurization,

In all cases the contaimer (see Figure 2)
walls rematnad fixed, The pressures that are
predicted (in the calculations to be presented)
would obviously result in eventual explotion of
the case wall with additional cratering end demage
of nearty structures.

“ ‘ngn 3 presents the pm‘nctr pregsure
velopment history for ste onfin
accelerating deflagration process (o L T'T%

8_andg = 0), The effective Surf&o-to-vo\u-
rafio of Rhe aplosive (frarmted% particles was
6/dp = 120 ca” ludod at ( = 708 solids

" volume fraction.

ME  Pressure

125 -

x‘LOC (cna

Pretsure history for completely confined
accelerating deflagratien,

Fig. Y.

At time t = 0, only & am of the bad it
atsumed ignited at an initta) 1w pussun of
1%, The results shom thet within 7O usec &
detondtion 1s about to form and tha pesk pressure
(st the 9 cm location) s almost 14 GPa (140 kbar
=2 x 10 gsi) e entmnnm {CJ) prassure for
this overall deasity (p,) explosive ts enly
sSomewhat greater than this ‘n

Of course this result 13 greatly dependent on
the assumed particle siza, o 17 the particies
averaged out to be aven RI1TRY, the gas prossure

Presase or 3«500m  Gpo

Fig., 4., Pressure-time profiles for varying size

propellant particles.
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sthock would form even tooner. Fire 4 shows the

& profile ot the hed midpoint, (2 =
Eus ;w four different averspe pParticle
dismpiers. {The results shown in the previeut
figure, fFig. 3, ossumed * 1/ W) Wen ™
verage frapment diomet amcoeds ppronimmtely
1 the retuitont prestures will be appronimately
teo Yow to alliow o detomation,

The effect of even a2 small crack which coan
reltuve the pretsure end weaken the developing
Seflagretion froat 1y stgnificent, as thewn in the
resulte presanted in Figure 5. There, oaly one
*hale", ¢ m in lemgth, located at Ao d/e,
with ah “opentng ratia™, C_ = 1/ {3 contidered.
The mass loas {3 evident " the indented presture
profilas at the hole site,

The reduction in pedk pretsure, ot the bed
niggoint i5 also severe, Md\no' on the crack
opening ratio, (., as 1y shown tn Figure §, whare

the ttyre-time  hstory  predictiony  are
cwarﬁ.

The eoffect on the ratg of deflagrition as
13 increstad 13 evidant Tn the resuits shown |
Flgure 7.  Again, only one Mole i1 astumd,
Tecated at rA‘ 2.5 ca.  Note that the tlope of
the flome-f location versus time ‘ocus, which
1t the resaction front speed, M3 reduced the
detonation front welocities, (thote evaluated ot x
= 8 ca) from 5.3 mw/ysec (C. = 0) te 4}
m/ yec (Co e 172), o 198 reductiba,

o g m—yY " T

Q%0 L
o G
4282w
;:V!UA 4
S g
§
o 4
©

L) [
L itm

Fig, S, Prassure nist Tor packed bed with hele
ot x s 2.5 cm (C, » 0,80

Extending the size (leagth) of the crack
[frem the value of & 2 (W = 0.0¢) comsidered in
the reselts shown in the previous two figures) to
e mp and 1& mm has an oven more promoumced evfect
on  reducing the opressure  front developmnt,

Figure 8 shows the compirisons, Mote the crack
opening ratto, C. 13 only 0,10, I/% tN valye
considered 1n earlier calculations shewn tn Figure
S,

fore lmporteatly there 11 & merked reduction
in the 1peed of the detonaticn fromt, at cen dDe
seen tn the comparison thowen 1n Figure 9. for the
condition of W = 0,16 (2 16 sm long crrck) one
odteing the 1peed of only 2.7 wm/ ytec |,
velocity that could be interpretad to Do o “low-
order” detonation,
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frocvurs 4 Tume % Ve Mol Saes
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Fig, 6. Effect of hole size on presgure-time
Mstory at x = 5.0 ¢a,

Flome Fronl Locstion vi Tome ey
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Fig, 2. Redurtion in Tieme front welecity due to
{ncreased hole size,
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Fig. 8. Effect of hole size on pretjure
developeant (X868 yiec )
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Fig. 9. Fleme front welocity for varying hoie
stns,
Erupting Veat Woles

A final et of calcylaticns considered am
alternate comstraiat, Inttead of prescriding in
adeince the location, lansth and the aponing retie
of tha vent holet, the opering 13 hot assumed to
take place until some ceitical pressure, P .
s ‘w.a!m." Fiu:ﬂ m' shown th;s Pt
davelopmant history « 0 /
Eber). Tt 13, wwn tthl pressure
roaches 0.5 GPa, & “vent Mle” occurs fastantly te
religve the pressure. e have specificd for this
role that C, = 0.10 and ¥ » paft = 0.01, Tee

prassure reductions cHused by the maut, momeAtun
md energy loitas are  sientficant for this
particular case.

While the oscillations in the weveforms of
the P vs R 9IR for this case 0pear to b
coused by numerica)l inatabilitfes. they are
Ktually deing couned By  the Intereitient
repturing of the propeliont cestng cavesd by bed
sressurization, Bach trough on o particular
wivefore repretents & point along the propellent
bed whare the casing wes ruptured dwa to high
protsure at some time during the burn, while eech
Pesk represents & location where the ceting 6V¢
not rupture, One con note that as & perpandiculsr
13 dropped to the abicissa from & peak (or trough)
on ny wavefora, all weveforme pasalag by that
particular poins 1n the bed will aliso oMbt &
pedt (or trough}. This {3 of course due to the
fact that once the rupturing pressure 13 exceeded
ot ay polat along the ded, o hole forme in the
casing at that time end rematns for all subsequant
time thereafter, To further ingure thet these
oscilistions were not covted by numerical
instabtitty, thate calculations were repontad
utiifzing & tiae step, AR , equal te one-Malf the
previcus time step. fht resulty ware identtical.

Al K Ly TN
Rowmm me for Enpiegy Cuea
P *08
1+ A8 poae (1]~ LYW
teSad uses [ TS i

Fig, 10, Pressure Mhistery for thell rupture

et P = 0,8 Gra,

Figure 11  agate showt the locus of
deflagration froats 4t 3 fesuit of the pressure
higiory shown ta the proviout figure, Wote that
1f the {nlerna] pressure con ruptura the case at
retsures less tham 1 ¢ the result (ot ¢ @

piec) 13 o “low-order detonaticn®, moviag 2%
D <2 ma/pase, Alsc showm tn Figure 11 i3 the
1ocus of the erupting vant holes which occur about
S to 10 py3ac  aftar the reattien front Mas
passad. Obviowely, fintermél pretsures con more
citfly ¢ ture sn Already damaged warhead cate, $0
that the resuits showm in Figuret 10 end 11 say
not  necesserily be unroasonsbdle, Additional




célcuistions 1n which the “1ize” of the mttn; which will consiger:
Miet are Incrested show the e2pected regylt o

.mth‘ﬂ" the dtonation weve that would hove (.) s".' thock aitiation (.t 2 s 0),
retuited Mad thers been tetd! confinement. 1nILaad of wosk 1hock flame 1a1t1ptton
N AOw Miumed,

(b) vertation In the anis! {gresapation)
direction of perticle 1ire and/or bed
perotity,

{¢) ting of tetermai pressures to cate
wal) stretser 1h order to Predict actue!
time delays prioe to Practure of the
cae,

(9) A twe-dimeniional geflegraticn to
oetanition trenttition mode!, a3
previoutly meattoned, which will ollow
for asre sccurate 1i@e vt logs
calcutotions,

(o) Vertations tn expiotive chemical ang
PAysical progperties.

Neferemcey

1o R, Rrier and J. A, Rezerle, Ltedath <;
¢ The stion '
Fig. 11, Flame-frent welocity ané wvesting-hole Yatt Ttwte; oo, (1379). i
lotes for thell rupture at P « 0,8 GP j
wd P e 1.0 G, 2. S, J. Hoffmen and K. Krier, AIMA Jeyrmal, ‘

vol. 19, Wo. 12, . ml-nmﬁm—

lydin Y. P08, Butler, M. F, Lemdeck, and K, Krier,
t | Flamg, Yol 46, pp. 8-9)

The results presonted th the last yection
verify the foct that @ fracture of the extertor
cating of 3 6P warhead with breakup of the
explanive tan reduce the effactivenesi of the
expisiive 71111Rg. Casan were pretested whers the
atcolerating flame cropagites through (a‘& a thell
castng  fntzet, (d) & she)! cating 1eh Mg
fractured e to ground tepact, end (c) g shel}
catiag which hat freactured due to localized
tnterng)! pressuritation.

Clven tha proper urfece-to-volume retto of
the totall confimad  explotive, Pressures
exzeading 10-13 6Py can be predicted a2 the
tgrition fremt propagpetetr through the porovs
exslvgive bed. Mosever, when the twl) caging i
gerad ond product gatet are allend to e3cape.
the owerall pressure profiley are greatly redeced.

The flaal <cates preveated in this paper
moérled 3 casing  fracture occurring ot @
protcrided 1trest on the extertor welly, Future
wort on this prodiem whould cowple the strens
machintcs of the eacasing strecture with the
applied strasntes cavsed by the burming axplosive
Praing,

A flaal poiat which shauld be discussed @mals
with the sne-dimnstonel analysis sade to implify
the mamerical wodel, Given the proper computer . |
reisurces, & datitled two-dimmmtional analysts !
would probebly lead to cenclusions which are Yot .

fa the cid-diasnsione! vertion. .
Qur cagotag work will alse inclvée amalysis R '
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\ MEDICTING ATSPORSE OF MUNITIONS YO RASSIVE SECONDARY FRAGHENT 1WPACT
A Propoted Amslyticel Method

Anot) Longiace
111 1nots Lmtitute of Tachwmology, Ohicepo, IL

Haha

tamrd €.
Mitttach Eraineering Ansoctates, Ohicego, 1L

Reseores lattitute, Chicogm, 1L

S (1 Repadentiy 4nd Camd Sudar

s ! ABSTRACY
-y
™is piper pretents on analytic aethod for

swyh‘ the mechanisas that Yepd to the
datordtion of cited muAiItions F4)Ved with
mitze explosiver whon tapected by lo:r
toncrete fra ts, ngnumn falled wmal)
1t {ORs, 13 13 & single degree of fregden
dynemit ttructurel analysts method which
ket Ut of predetermingd, noalinear load-
deflection charictertstics of the shell
caw‘ In the analysis described, the
[ Wy apdlied rvﬂct the pressyre.
time Mitory 18 the molten explosive wien
tubjacted tn tepact. A rodsomadle w1200
betweeh analytic and oxperimental results ws
s ety

\\\
 INTRooKTION

At o™ state of tae munition production preo-
cetr, molten onplotives sre poured into empty shel!)
catings. At thil, and m0tt sStages of the produc-
tion process thave 13 & fiatte probadiiity that aa
sccigantal explonicn may occur. Yo itait the
propagation of an accidanta) explosicn, the pouring
arey ?: sbdivided tato smaller aredd teparated by
reinfprced concrete weils, This doet mot com-
olutely @lininote the danger of propagation
because 80 axplesica im ¢ cybicle cén cavse somm
orsbkzp of dividing walls, producing 12ed
frigaents vhich aay {mpact shell cast n
michboring cublicles Manmy img
additiond) detorations. ‘hather or mot aa explo-
sion s Produced by such impact depends on the
dynaic pressures produced within the molten
explogive, which In turm dopends on the mass of the
tupactiog fragmont, 1ts impact velocity, point amd
angle of te tupact, etc. The tize of Pregments
produced by o seporation wall depends on the
Phrstcal charpcteristics of the mll, 1.e. retn-
forcamant dotails, comcrets streagth, sggregite
size, thicknpss. tPan, Support comditioes, ete.
1t algo Sepends O the tatewmsity and distridbution
of thy blast 103d produced by domor charge oa
the dividing wall.

This papor Getcridas & project (Ref. 1) whose
objective wms tO Study the amchanisas controllimg

the 1apect sensitivity of shell casings filied
with soiten explosives wiwn tmpacted by sacondary

t1. (It vat Geterwined in aartier urﬂ.
matal investigettions that a shell tn the molten
or just-poured ttate was more sensitive to
tritistion than when the explotive w3 coo) oW
hardened). The project wat Jivided tato tw
pavts.

The first poart ws an emalytic effort whose
PUFpOte was to predict the presturs bulldud within
the mlten explosive wien the casing and the coa-
tained explosive intoract with » secondary
furnt. It {3 hypothesized that ssure builg-
w (or the rate of prossure buildup) srd the
retuiting risa in tompavature i3 a good menture
of explotive detomition semsitivity.

The second part wai an experimsntal efvort
wiose atm was to ascortatn the credidility and
acturecy of the amaliysis. lattrumemted, ful)
scile sxperiments werq parformsd to obtafim
quantitative data for comparison with smalytic
ratuits, The exserimenty also provided am fa-
sight tnto what was occurring during the tapact
process and thut helpad guide thr L..m.gsis.

AALYSIS 0F SMELL EXPLOSIONS MUE TO
IRPACY BY LARGE CONCRETE FRAGIENTS

Figure ) 1y a schametic showing the shell-
Mrnw conft tion aneiyzed. Tha shall
casing, opea at 1Rs apex and cumpletely filled
with mlten explotive, s stationary on the
?mud plame. At the time of tmpact the explosive

s 8% 8 sufficlently high tempereture to be 1h 4
lguid state. The fPragmeat, 3 concrete cylinder,
i3 moving Yn & horizontal diraction with valocity,
V. The conditicns are assumed to be such that
during lupact the shall casing will be plestically
Gaforand and will axperionce an accalevetion.
plastic deforuation of the casing w1 cause the
@itan axplosive to be prossurized and to be
forced to Now &w through the f1lliag orifice
at the apex of casing. This pressure bullidep
during the time of t and the associated
tampevatyre rise, i3 thas{zed to be & measure
for detaveining if the explosive wil) detomate.
The amalytic procedure used to obtatn the pressure-
ttme relationship tn the explosive during tmpact
i3 described mexnt.
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N of internai prevsure. Al1o, ot leait for thig
v thell caving, there wes nmum{ 00 change in
the orifice ares with change In dellection, see
fFig. 8.

~.

Vooas

Concrete Cvlinder A

‘mﬁﬁrn\mw
N R

$hell Ceairg

£E6. 1.- Sheti-Fragment Confiquration

Analtytic Solugton Apgyirmeents

™e snslytic soluttion 13 & tingle-dagree of
freedom dynsmic andlytis which requirel certata
postulatad eplciive, tMll casing, ard frogment
{ateraction chaiacteristics which are the
folioming:

1. force-gaflection characterittics (resistence .
functicn] of the shell casing

2. vlum vevsyl deflection chracteristic of
the shell coting

3. Orifice ared vertut deflection charecteristics

For the purpose oF deterwiniag the force- Fit, 2.-Finite tlerent Meth nf One Nuarier of the
deflection charectaristicy, the shell castng was Shell
astumd tO Be rettraimad tn the horizoatal direc-
tion onlym all along the Yine formed by the inter-
section Of the midplane of the ihel) surfoce and
the vertic) plane whote edge view ts indicated by r-—
TtRe A-A in Fig. 1. Naking ute of the 3hel}
syfutry, tnk Qearter of tha 1hel)l surfece 1t
moteied for finite cloment amalytis a1 ahowm in
Fig. Y. Thicknets 13 veried along the helght in
dgiscrate intervais. ANSYS {(Mef. 2) finite e)ement
cosputler program which msets the requirements cf
1aree deflection and plastic deformation Of the
coting material, wat used 1A the analysts. Force-
¢atigction cherectaristics were odtained by
{mpoting defloctions and them compuiing the corre-
sponding forces required to produce tham. Deflec-
tioas were 12901ad on the thell casing at nodes
reprosenting sn arca approximstely equal to the 0 . .
CcORLACR aTea batween the casing and the impact! 0 0.8 1.0 s
codtrete Cylimder. Lodd defNaction characteristics . . .
vt detevmingd for three presiures Vied to the
iaterior of the thal). Results are shown in Fig. Seflection (Inches)
3.0 with force-deflection charactertstics of
ekt shell casing, voluse-daflection and orifice
aroa-deflection characteristics wevre odtained .
fram this anclysis. These retult; are showm in Fl6. J.-Force Vertus Deflection Charecteristics
Fig. ¢ amd Fig, § respectively. It will be noted of the Shel) Casing for Indicated
that both of thais charecteriitics are {ndapendent Intarmal Pretsures

&
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FIG. 4.-Volume Versus Leflection Characteristic
of the Shell Casing
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FIG. 5.-Orifice Area Versus Deflection
Characteristic of the Shell Casing

Next, we were concernad with the flow
characteristics of the molten explosive through
the filling orifice of the casing. The flow is
depandent on the orifice area, the fluid pressure,
viscosity and the orifice coefficient. The
following formula (Ref. 3) was used to relate the
flow rate, § to the intarnal pressure, p of the
Tiquid explosive and other parameters.

Q- CCA\IZQP/Y Y]
where Cc = the orifice coefficient, taken as 0.64
A = the orifice area
y = acceleration due i: gravity

v = weight density of tic wolten explosive,
taken as approximately 85 ib/cu ft

Flow characteristics are shown in Fig. 6 for three
orifice areas.

400 |
4000 [

3000 |

2000 |

Pressurs (psi)

1000 |

0 et )
0 4000 8000 12000

Fiow Rate (i1n'/3ec)

FIG, 6.-Pressure Versus Flow Rate for Three
Orifice Areas

In the initial analysis it was assumed that the
molten explosive was incompressible. Analytic
results using this assumption showed large rapid
changes in the liquid explosive pressure, S.uggest-
ing compressibility. The analysis was modified to
take into account fluid compressibility. In the
modified anmalysis the characteristics shown in
Fig. 6 are still used, however the corressonding
internal prassure is modiiied on the basis of the
bulk modulus of the explosive, i.e.

= p 8P
B=o3 (@)
where B = the bulk modulus taken as 580,000 psi
o = the weight density of the molten
explosive
Ap = change in internal pressure

Analytic Solution Procedure

As indicated earlier, the amalytic solution is
a single~degree of freedom analysis. Referring
to Fig. 1, assuming that the concrete cylinder and
the shell wove in a strafght line. the aguations
of motion and initial conditions are given as

follows:
M. x:c e .F (3)
HoX, = F )

where M. and My represent the mess of the cylinder
and the sheil casing respectively. F is the inter-
action force between the shel) and the concrete
cylinder, and Xc and X are the centsr of gravity
accelerations of the concrete cylinder and the
shell respectively.

The initial conditions for the concrete
cylinder and the shell are {at t=0, 1mpact is
initiated) Xc; the initial velocity of the cylin-
der 1s equel to Vi x5, the tnitial velocity of the
shell ‘s equal to zePo. The initial displacamants
Xc and xy, of the cylinder and the shall are equal
W zero. Euler equations were used 1n the inte-
gration process, t.e.
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X (v at) » x{t) +'x(t)at (5}

x{r o+ at) = x(t) + x{t)at (6)

The solution procedure is detailed below.
Solution Procedure

1. FRead data describing the system

2. Set time to zerc {t=0) and displacements and

veiocities o their initial values. Set

inftial fniarne! pressyre to 2ero, and the
orifice area and tne casing volume to the
inftial values.

Print out time and pressure

If time exceeds maximum value, stop.

From force-deflection-pressure curves (Fig. 3)

determine the intaraction force. F. Note

that the casing deflection ¢, is the differ-
ence in the cylinder and shell motions
édisphcmnts) i.0. 8 ° xe-xg

ompute cyHnGer ard shell |ccelentic 5, e

equations {3) and (4).

7. Use the fuler integution formylas,
exprecsions (5) and (6), to determine
velocities and displacements of the cylinder
and the casing at time t + at. Updete time
to t + At

8. Determine shell casina volume using volume-
deflection-pressure curve (Fig. 4). Compute
volume rate of flow from difference in volume
from previous time step divided by time step,
At

§. Determine arifice area fron orifice area-
deflection-pressure curves (Fin, S},

10. Determine new internal prassure from
pressure-volume flow rate-area curves
(Fig. 6).

[ ¥ SN

Steps 11 through 13 represent dn
{terative procedure used to take
into account the compressibility
of the 1iquid explosive.

11. Determine the change in pressure gver the
tiee step ot and compute the change in the
w1qr(1t)densiu of the 1iquid explosive, see
Eg. (2).

12. Determine the new weight density.

13. Determine the change in volume due to the
change in the weight density. Comrute the
volume rate of flow.

Continue the iteration until the
change 12 volume 1s smaller than
& preassigned value.

14, Retum to step 3 and continue.
EXPERIMENTAL EFFORT

The purpose of the exparimental effort was to
measure the pressure-time history within the
moiten explosive whan the shell containinrg 1t is
impacted by a concrete fragment. TM [}
mantal setup is depicted in Fl? A shell
casing, containing a 1tquid, Glycerol, of the

same density as molten composition B explosive

{s mounted (proppec) on a pedestal, sse "target”

{n Fig. 7. Anair gun is then used to launch

the concreta fre t at the shel) casing to twpact
at & specified aiming point. The concrete fragment
13 in the shape of a cylinder, Two-sizes and
weights were used in this study (Ref. 1}, 2-ft and
4-7t long and weighing 200-1bs and 400-1bs respec-
tively. The instrumentation consisted of s pres-
sure sensor loceted within the liquid for messuring
the pressure-tine history during impact. Photo-
graphic coverage was provided to measure the impact
velocity of the concrete cylinder.

FIG. 7.-Secondary Fragments Impact Test Site

selected Results

Fiqure 8 shows an experimentally determined and
the correspunding analytic pressure-time history,
This particular experiment dealt with a 4,2-in,
mortar shell fiiled with Glycerui and water at
wmbiant temperature. A coacrete cylinder, simulat-
ing 2 wall fragment and weighing 200 'bY., impacted
the snell at 272 ft/sec at a point 4.25 in below
the filling orifice. In tarms of the shipe of the
pressure-tize history, duration and pear pressure,
the comparison between experimental and analytic
results appaars to be favorable, Similar compari-
$01S were obtained for other experiments conducted
in the course of the study.

- CONCLUSIONS AMD RECOMMERDAT I0KS

A simple amlytic method wes formulated for
predicting pressure-time histories in sha)l
casings filled with moiten explosives when ife-
pacted by secondary fragments. Amalytic results
compared favorably with experiments.

Additional analyses are required to study the
sensitivity of results for a larger set of experi-
ments with the ocbjective of improving the accyracy
of the predictive method, To date four other
experimental programs have been conducted on the
sensitivity to impact, by large concrete fragments,
of a variety of molten and mmbient temperature
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explosive-filled stalls, For these previous
experimental pm?rns analyticatl predictions of
time curves should be performed. With a larger
number of curves, and hence largsr mber of tast
conditions, one would be able to distinguish
between pressure-time cunditions forr explosion and
no reaction. The scope of this method needs to be
further expended to study whether the psak pressure
in the liquid explosive, rate of pressure rise,
etc, are parameters which individually or in com-
bination will yredict the onset of detonaticn.

15000 1
12500
g
= 10000
&
2 7500 A __-"-
& a4
& 5000 = - .
Y \ -~
2500 )4 A >
ll *

® 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

TIHE IN SECONDS

FIG, 8,-Pressure Versus Time Graph for
Experiment 4 (Concrete Projectile 200 1b.
at 272 ft/sec Velocity)
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ABSTRACT
<!
Dynamic fracture analysis of concrste
structures necessitates o triaxial ctresa-strain
ralation that describes gradual straip-softening
vith reduction of tensile strese to ssrc. A nav
model vhich does thet and is applicable under
general loading, imcluding rotating principal
stress directions, 1o proposed. It is based oo
accusulating stress relaxations Aua to micro-
cracking from the planes of all orientation within
the microstructure. Comparisouns with tensile test
data are given

Introduction

Tracture analysis of certain brittla hater-
oganeous materials, such as concretes and many
rocks, requires considaration of progreesive micro-
cracking in tha fracture process Rone as the #rac-
ture is baing formed. This type of fracture way be
effiziently modeled with the crack band epproach,
in which the material behavior in tha fracture
process aone is decctibed by & straln-scftening
triaxtial stresa-strain relation, provided that the
straic-sof .ening bshavior ts assoclated with &
tone of & certain charactaristic width that is
treatod as a material property or is detarmined in
advance by atabiliry analysis. A suitadle tri-
axial stress-strein relation of the totsl strain
type (deformétion theory type) has besn recantly
formlated and has bean shown to lead to aatis-
factory agresmant with essantially al) existing
fracture test dara available in the lirsreture
{l, 2). This stress-strain relatioe ig, however,
limited to situaticns in which the direction of tha
saximm principal stress jces not eignificantly
rotate during the fracture formation. This 1e not
90 {n certain important situatioms, especially
various dyoamic problams. Hers, a loagitudival
wave say produce only & partial tansile fracture
(1.e., distributed microcracking) and the fracture
may be completed subsequently vhet & shear wave
arrives, causing & principal tensile stress in a
different divection. TFor such situatioms of pro-
gressive fracturing, it {s necessary to develop a
triaxial strain-softening atrass-strain relstion
wvhich is path~dependent and ie fermulated fmcre-
sentally. A model called microplams model 1e de-
valoped to f1ll this nasd. WUe projcses hars a
modal in which the comstitutive pronerties are
charecterized by a4 relation betwwen thea ctrosses

MICROPLANE MODEL FOR FRACTURE ARALYSIS
OF CONCRETE STRUCTURRS

ldentk P. Balsi.t and Byunz H. Oh
Center for Concrete and Geomaterials .

The Technological Inatitute
Rortbwestern Univarsity, Bvanston, IL. 60201

and strains acting within che microatructurs on
planes of various orientatiocn, called the micro-
planes. This formulation involves no tepsorial
invariance restrictions. The rastrict{ons cen
then be satisfied by & syitabla combipition of
planes of varicus orientsticn. R.g., :2 the case
of isotropy, each orientation must te equally
fraquent. Thus, ocue circusvents the difficulty of
sstting up a general nonlinesar conatitutivc equa-
tion in tsrms of preper invariaats.

The idea of defining the inalastic behavior
independently on planes of d{{ferent orieatation
within the material, and than in some way supac-
imposing the faelastic affects from all planes,
appearsd in Taylor's work [3] cnm plasticity of
polycrystalline metala. Batdorf and Budiapak! [4]
formulated tha siip thevry of plasticity, in which
the stresses anting on various planes of alip ate
obtained by rasolving the wacroscopic applied
stress, and the plartic strains (slips) from all
planas are then superimposed. Tha same super-
position of inalastic strains wms used in tha so-
called multilsminste wodals of Zisnkievics et al.
[S) aud Pande ot al [&, 7] and 1o many werke o
plaaticity of polycrystals. While the previous
works dealing with plraticity of polycrystals [3,
4, B, 9, 10~14) or soile [1%,18) the mtresses on
various microplanes were sssusal to ba aqual to the
rasolved mmcrosccpic otress, thias new wodel uess a
sipilar awsumption for par: of tha total straims.

Pundamental Rypotbesas

The resultante of the stregses acting on ths
sicroplanss over unit arsas of the macroscopic
continuum will be called the microstresses '1$'

and the srratne of the sacroscoplc continuwm accy~
mulated from the Jaforwacions on the microplanas
wvill ba called the microstralins, c‘j. With regard

to the interaction betwesn the micro—and macro-
levels, ovs may introduce the following basic
hypothasas.

Rypotshsis 1. - The tensor of macroszopic
strain, tu, is a sum of a purely slasiic macro-
strain t:, that 1s unaffected by cracking, and an
inelastic macroatrain '1j which reflects the

stress relaxation dus to cracking, i.e.,
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13 1) 13
Here, latin lowver case subscripta refor to car-
tesien coordinates x (L =1,2,3).

Hypnthesis II. ~ The normal microstrain L

vhich goveras the progressive developmeat of crack-
ing on a microplane of any orientation is aqual to

the resolved macroacopic strain tensor °1 3 for the
sade plane, i.s.,

LR nj c“ (2)
in which o, - direction cosines of the unit normal

2 ot the microplana and the repeatad latin ower
cage subscripts indicate a summation over 1, 2, 3.

Hypothasis III, - The stress relaxation due
to all microcracke normal to & 4s characterissd by
assuming that the microstress s, on the microplans

of any orientation fa a functionm of the normal
nicrostrain 'n ocu the same plans, i.a.,

L (2v/3) !'(ln) (3)
The factor (2x/3)is introduced just Jor convenisnca,
as it will later cancel out.

The last hypothesis is sisiler to that sade
for shear microstresses aund microstrains in the
slip theory of plasticity. Hypothesis II is how-
sver opposite. There are three reasors for hypo-
theeis 1I.

1. Using resolved stresses rather than resolved
strains on the microplanes would hardly allow des-
criding strain-softening, since in this casae thers
are two streins corresponding to a givan etress but
only one atress corresponding to a given strain.

2. The microsirains must be stadle when the
macrostraing ate fixed. It has besa axperienced
numericelly that, in the cass of straiu~softening,
the model bacomes unstable if resolved atrasses
rathar than strains are usad.

3. The use of resolved streins rather then re-
solved stresses seems to reflect the microstructure
of a brittle aggregate materisl more realistically.
The use of resolved streoses i{s reasonsbls for poly-
cryatalling mstale {2 which lecsl alips scatter
widaly while the stress is roughly uniformly dis-
tributed throughout the microstructurs. By con~
trast, {n a brittle aggregate material comsisting
¢f hard inclusions embedded in a weak matrix, thas
stresces are fur from umiforw, having sharp ex-
treass at the locatiocns whars the surfacas of
aggragate pieces ars nsarest, Tha deformation of
the thin layer of matriz batvesn two aggregate
pieces, vhich yields the major contributiom to in-
elastic strain, is determined chiefly by the
relative displacements of the centrolds of tis twe
agjregate plecea, which rcughly correspond to the
sacroscupic atrain. The microplanes may bs
inagived to represant tha thin layers of matrix
and the bond planes between two adjacent aggrsgats

e ——e =

piecaam, sinca microcracking ie chiefly concentrated
there.

In Bypotehsis III, the relaxation of sghesr
nicrostrosses LI cauged by the shear and normal

uicrostrains LI This assuump-

tion is probably quite good for very small crack
openings, aince it has been deduced from test data
oo shearing of cracke in concretes that nc rela-
tive shear displacaments on the rough interlocked
cracke is possible bafore s certain finite crack
opening is produced, and that the shear stiffness
of tha cracke decrsaasss rathar slowly as the. crack
gradually opens. One amust adait, howevar, that
Bq. 3 (Hypotheeis III) is aleo justified by ite
simplicity. It would be much wore complicated to
assume & gaueral relation betwsun the normsl and
shear microstresees and microstrains on each plane.

Tangential Stiffness Matrix

The virtual work of stresses psr unit volume
way be writtem, accgrdin; to Bq. 1, as ¢&W
- oU 6:“ - °:lj 6:13 + oij 60”. Sumning the

virtual work dus to 6::3 and ch. we furthar have

and LN is neglected.

a a
W - aij Gc“ + .11 Gcﬁ, in which s,
ucrootuu tansor reaulting from n, o8B all planes,
1 is the stresa teneor corresponding to ‘:j'

Since both expressions for &W wust hold for any
i3’

Bquilibrivm conditions may be-expreesed by
means of the principle of virtual work:

4 >
e “3rey "1.1 -2 .[s.“ Sa, £(n)as )

3 is the

and o

=0

a
and any G:U. ve must have ':lj 1 o

a
Gtij

in vhich S representa the surface of s unit hea-
isphere, the factor {4w/3)ie due to integrating
over the surface of a sphars of radius 1, and 4S
= singd8d¢ (Pig. 1b). Mote that we do not maed to
integrate over the entira surface of tha aphare,
since the valuas of 0, or o are equal at sny two

diamstrically opposits points on ths sphars.
Punction f(¥) definea the relative fraquemecy of the
planes of verious orieataticns ¥, contributing to
inelastic atrses ralaxzatioa.

Substituting Eqe. 2-3 iato . 4, we_get
u13 “11 - !r(o In \\1 co“ f(a) dS, and becsuse

thie must hold for any ch. wva wust dave

2% ruf2
f f P(ﬁ ) LN

Furtharmore, sccording to Mq. 2, d!(on)
- P'(e n)“n «F (c‘mk L “h' and thus diffor-
sntiation of By. 5 finally yialds

ddu - nljb d.!l

!(n) sin d¢ do 1£)]

(6)

.
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ia vhich

2epe/l
D:Jh ./7 S 70y £(7) oing 49 49, with
070 m

%3k " P1%%"s
biju may be called tha tangest etiffnesses of the
microplane syotam. Note that the sequeace of sub~

scripts of D:jh io immmtarial ; therefors, there

are only eiz independeat values of incremeatal
etiffoeceas. By. 7 applies to initlally amiso-
tropic ul_;du. FPor isotropic solids, we =y audb-
atitute £(n) = 1,

The mathematical atructure of the prasent
modsl may be gecmattically visualised with the
rheologic model io Pig. la.

The compliance corresponding to the addi-
tional slestic strain °:j
conditions, and eo

1 1 1
c;_“_ g 4y 4 +2—c;<c“ Y SR

sust satisfy isotropy

in which E* and G® are certais bulk sod shear
edull vhich cannot ba less thaa the actual initial
bulk and shoar woduli K and G. Por fittimg of

t;ax data, it wvas assumad, with success, that

1/G° = 0,

Recalling B3. 1 (amd Pig. ls), wve way now
write the {ocrememtal atrese-strain relation as

, with [Dijh] -

do 14 L Dtjh de 1
¢t ’ -1 ®
[ )Uh + (Cuh)l
o Applying Bx. 7 to elestic deformatiouns (with
f(c) = 1), one findy that the metrix in Bg. J
always yialds Polsson's ratio v = 1/4. Thia is be-
cause the slips ce all microplanee are: neglected.
Since v = 1/4 18 2ot quite trus for cencrsts, tho
additional slastic atrain muat be used to meke a
correction. Let us now determive the valus of
needed to achieve the desired Poieson's ratio v.
Lat superscripts ¢ and 8 diatinguish betwesn tha

valuae corregponding to .:Jh and ¢ o Por
uniexisl stress we have ¢, anl + onll°
and ¢y, -+ 0, /98" - VS0, /5% o which ¥€ = 1/
and ¥ = 298 /5, E = P'(0) = initisl corual
stiffness for the micropleme. m:u LIV

ve must have

1

ity I
9(v°—v)

(for v g v°) {10)

This is, of couree, under the assumptiom that
1/6* = 0.

Tha atress-~gtrain relation for the micro-
planes, relating o, to g, must doscride cracking

sll the wey to compdete fractute, at wdich o,

reduces to sero. In view of tha kizematics
visualised {a Pig. 1d, 1t is clear that 0,508

function of ¢ wust firet rise, thea reech o wez-
imum, and t gradually daclice to sers, e
choose the finu. zerc valua to b attained soymp-
totically, sfnce Ao precise informatice emiste o
tha final strain &t which % 0, a~4 since a

smooth curvs is couveaisnt computec.csally. The
following expressions wera used in coaputations
{19) (Mg. 1e);
e P)
for ¢_ > Ot °n"n'n' N
» a1
for ‘n s 0 % " l“ L

{n which !n' k, and p ars positive constante; k =
1.8 x 107. P"2.

The integral in Eq. 7 bas to de evaluated
numarically, approximating it by a finite sum:

W
nijh - Zuu[.m’ o), Q2)
as

in which a refsrs to the valuae 2t cortain aumar-
ical integration points om & unit dDemisphera (i.a.,
certain dirsctions), and v, are the weights

asseciated vith the intesrsticn points.

Since in finite alement programe for imcre-
mental loading che numsrical integratica veeds
to bs carried out a great mumber of times, a very
ef ficient nunerical integratice forsmla is naeded.
For ths slip thaory of plasticity, thc iatagreticm
was performed using a roctasgular grid in the 6-¢
plane. This forwule i¢, bhowwvwer, computatiomally
inefficient bocause the imtegration poimte are
crowded nesr the poles, and alsc bsceuse in the
8=¢ plase the simpulapity arieing feem tha pole
takeas avay tha benefit from a uss of highar-order
integration forwula.

Optimally, tha iategraticn points shkould be
distriduted over the sphericel surface as uaiforely
as possibhle. A perfactly waifors subdivision is
obtained whon the ®icroplames wormal to the a~
directions sve the sidas of a cegular polyhedron.

A regular polyhodron wvith the most sides is the
icomebedron, for which ¥ = 10 (helf the wumbar of
sides). Such a mumarical imesgracien formuls wes
proposed by Albrecht amd Collata [18).

Imericel exparience revesled, however, that
10 points are not emough.when strein-goftening
takes place; it was fownd that the strain-softsning
curves calculated for umfaxial tarsile strssses
oriented at various sagles with regard to the o-
directicns sigaificamtly differ from each other,
even though withia the etrain-dardeaing range the
differences are negligible. Therafors, more than
10 pointe are neaded, sad then s perfectly unifort:

.
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Tedle 1 -~ Direction cutuc and Weights fer 2 x 21 Polats (Orthogemal)
o)

. :: I; n; v
1] 0 0 0.07432141274
110 i 0 =
s le ° 1 -
A | 0.7071067812 0.7071047812 O 0.0199301413)
3 | 0.7071087012 -0.7071047i2 O “
& ) 07672087812 O 0.7071047812 J
1 | o.7001087822 O ~0.7073047812 "
slo 0.7071067812  0.7071087811 .
s o 0.7071067812  -0.7071067812 .
10 | 0.3879072746  0.3879072746  0.8340936240  0.02307124272
11§ 0.3479022746  0.3879072748  -0.8380956240 -
12 | 0.3870072746 <0.3879072746  0.8360936240 "
13 | 0.379072746  -0.387907274¢  -0.8360934240 "
14 ] 0.3479072746  0.8360934240 0. 3879072744 "
15 | 03870072746 0.8340836240  -0.3879072744 "
16 | 0387907274 0. 8340936240  0.3879072746 "
17 | 0.3079072746  -0.8360936240  -0.3879072744 "
18 | 0.8360934240  0.3879072746  0.3879072744 "
19 | 0.8360934240  0.3879072746  -0.)87%072746 "
20 | 5.8380936240 -0.3879072746  0.3879072744 “
21 | 0.8360936424C -0.3879072746  -0.3879072744 =
£ = 35.209908°

Tabla 2 - Direction Cosimes and Weighte for 2 x 25 Pointa.

|

oeldy,

a Q Q a
a l1 12 t:‘ L
1) 0 o 0.01269341058
110 1 0 "
1o ) 1 -
4 | 0.7071067812 0.7071067812 O 0.02237493612
s | 0.7072087812 -0.7071087832 O "
¢ | 0.7071067011 0O 0.70/1087012 "
7 { 07071067012 0O ~0.7071087011 -
s {0 0.7071067812  0.7071967812 .
s {0 0.7071067812  -0.7071067312 -
10 | 0.3013113354  0.30152133%4  2.904334639%  0.02017333857
1 0.3015113354  0.301SI13M34 <0 P045A0IN "
12 | 0.3013113353 -0.3013113354  0.30453403%3 -
13 | 0.3035113354 -0.30151133%4  -0.2043340)99 »
14 | 0.3015113554  0.90433403%  0.3CI3113N4 »
15 | 0.305113334  0.9043340508  -0.3815113334 "
16 | 0.3013113354 ~0.9043340308  0.3015113334 -
17 | 0.3003113354 -0, 9043340308 -0, 3013113354 "
18 | 0.9045340398  ©.3015113354  0.3013113384 -
19 | 0.9043340398  0.3035113354  -0.3015213354 "
20 | 0.9043340998 -0.3013113334  0.3013113354 "
21 | 0.9043348598 -0.3013113354  -5.3013113334 -
22 | 9.37738C692  0.5773309492  0.3773502692  0.0210837311)
23 | 6.377350269%  0.5773383492  -0.3773%42892 =
24 | 0.9773582692 -0.3773502¢92  0.3771302692 -
23 | €.5773502692 -0.5773502¢92  -5.3771302¢92 -
g - 25.23900°

FHig.

Comparisen vith some
of the Test Dats of
Tvens and Mavethe
(1968)
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spacing of a- directions is imposeibdle.

Rafant and Oh {17) developed numerical inte-
gretion formulas with sore than 10 points, which
give consistent results even in the strain-seft-
ening range. The moat effictent formulas, with a
nearly uniform epacing of a-diractions, are ob-
talned by certain subdivieions of the sides of an
icosgshedron end/or a dedacahedron [17). Buch for—
oulse do not exhibit orthogonal eymmetries.

Other formulae wihch do were aleo daveloped [17).
Taylor saties expansions on & sphare vars applisd
and the wveighte Yo aspociated with the intagration

pointe were solved from the condition that the
grastest possible number of terms of the Taylor
sorias expansion would cancel out. The aagular
dirgctione of certain integration points ware fur-
thar deterained so an to miniwize the error tarm
of the expansion. PFormulas invelving 16, 21, 23,
33, 37 end 61 pointe wars derived, with ervors of
8th, 10th and l2th order [17]. Table 1 definee
two of thsse numerical integration foromlss, with
21 and 25 points, ona without, and one vith ortho-
gonal symmetry. These forwulas give accuracy that
auffices for mont praticel purposzes. For crude
calculations, & formula with 16 points [17) way
sonstinge also suffica. The directions of intagra-
tion points are fllustrated in Pig. 2. Ales showan
ons strecs-atrain disgrame calculated with the
formula for uniaxiel tension in various directiona
with regard to tha intergraticn points (directioma
a, b, ¢, d4,...); the spread of the curves charac-
terizea the range of ervor.

Rumarical Algoritha

The foilowing numerinal algorithm may be used
for the microplane model in each loading step.

1. Detemnise c:(')(ro- Eqs. ) and 2 for all

directions a = 1,...4. Ta tha firet iteratica of

the loading step, use ‘13 for the end of tha pre—
vicus astep, and in subsaquent interations use the
valus of ¢ 13 datermined for the mid-step in the

pravious itaratica. In structural asalysis, re-
pest this for all finite eloemente and for all in-
tegration peints withim each finite eloment.

2. Por all directions t(az evaluate ¥' (e )

for uss in Bq. 7. Ales check for sach directioe
whother unlosding occurs, as indicated by viole= - ~
tica of the coaditienm lnA.- 2 0. 1f viclated,

veplace T' (.a) vith the uwloading srdffness (vhich
may bs approximately takem as I‘; howevar, a
better axprecsion exists.)

3. Rvaleate n{lh from Bq. 7 and D, from

By. 9. In structurs] emalysis, repest this fer
all elamonts snd all iptegratiom poimts in each
olemanit. Whae solving atress-straia curves, cal-
culate then the incremsnts of unknowm stresoes

sad uaknowt straims frem Bq. 9. In structural
enalysie, solve (by the finite slemeat methnd) ths
inccemeats of nodsl displocemmats from the gives

load incremeants, and subtequently celculets tha in-
ctoments of :“ and o“ for all elements and ail
integration pofats in sach element. Then advauce
to the maxt ftoration of L.e sams losding step,
or advance to the next loading step.

In sfwulating uniaxfal tensile loading of
fined direction, the unloading cirtarion is net
{mportant since the only unloading occura et ood-
erate coapreseiva stresses, for which a pevfectly
slastic unloading may be ageumed,

The aicroplace wodsl can be calibrated by
conparisom with direct temsila taste which cover
the strata-coftening rasponse. Such testo, which
can bo carried out {u a very etiff tasting uachine
and om sufficisutly small test spicimene, bhave
boen parformad by Bvens sad Morache (20) as well
as othars [21-2)3]. Optimal valuae of the
thirea parameterz of the model, ln. k, and p, have

been found {19) oo as to achieve the bast fite of
the date of Bvens apd Harathe. Sowe of these fite
are shown se the eolid 1ines in Fig, ), and the
data ave shown as the dashed lines. A bettar test
of the model would, of course, ba a tensila tast
uadar rotating principal stress directicns, but
such tests have not yet dbesn parformed.

Wote that with this theory, coe has oaly two
material parsmatars, l‘ aod k, to detaraime by

fitting test data. TYrial and arror approach ia
sufficient for that.

Coscluaion

The microplene sodel is capabls of simula-
ting realiatic taasile strees-etrain curve with
strain-softening and reduction of stresoss all the
way to zero. Combined with ths blunt crack band
concept, 4n which the straim-acftening ia re-
stricted to a region of & cartsir characteriatic
vidth that i3 » waterisl proparty [1,2), this medel
shoyld give a realistic representation of fracturs.
The wode) 15 gearal! and does not procleda appli-
cation to atrese histories ia which the priscipel
atress divections rotate. Thess foatuven ave
particelarly attvective for the analysis of ths
respoass of concreta etructuras subjected to
dysapic loads,
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N\,
3 Recent research im sttuctural ceom-

¢crete under atatic and dymsalc loadimg
hae boen weving toward tha developament
ef three-dimensional streps~atrain rele-
tona based om the primciples of plasti-
city as well os elasticity. Although
sigatficent progrese ta this area Nhas
beea wade in vTacent yeoavra, wo waified
treatmant of the vatious existing
sathesaiica. wodels of coacrete has bdean
attampted frem which & comprehemcive
alsstic-plastic~fracture sttase-strain
relecioaship for ueucrete can beo ferau-
lated. Thie waified approach 10
attempted {a the presamt work.

Iz this theorstical developament,
the five-paradeter falluve eurface of
Wiklau~Varake wedel, the techaique of
eixad havdenimg for eyclic leading, the
coacept of cruashiwmg goefficient snd the
dual ecriceriom fotErnah(n.. evacking,
ané mizad typoe of atlue of coancrets
¥il]l de cowotderad ac the basis for thies
comprehensive dcvolot:::zl\

1. 1kYRODUCYION '

Tor the mast part, amalyticsl seiv-
éie5 of the nounlimear ruspansa of rele-
forced comcrate etructures have bdaan
focuaed, by nmacacsity, ea tha babavier
of laslcted olumple etructural olomamts
occh as boane and celuene. As quantita-
tive iaforoation oca the lsad-deformetion
bahavior of coacrete deviloped aad com-
putimg capability expande), tha scepa of
sonlingar aaslyeio has Vroadeced to
includa swch triaxielly loided coacrate

. structures as flostiag vesiels, offahere
| platforas, osubmerged eCracteves, the
woual land~daseéd or uadergrowad coatain-
sent vessels, prestrecesd comcrels Tesc-
tor veasels aad dams. Alghough large-
scale fimite-aloment software pachages
asw have a wide rauge of applicatiens ia
usay areas of eotroce oemalysis, leade-
quete matetisl wsodels are eftem oge of
the major factors ia limitimg a ostrec~
teral amalysis. Thin ie especicliy trwe
fer relaferved cemcrete, whare Dbasic
characteristics of veluforced cencrete
nateriale do mat oxiast. (Ao pradblea of
eedaling the aechsaical bebhavior eof
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econcrete ter wes im  amalytical ecwdtes
of telaforced comerete mtruetures
remaire oae of the mest difficult chal-
lenges tan tha flelé of atrectural cea-
crete engimasring.

Curreat enmalysie precadutres fer
telalerced comcrete peoblens  ender
short-tera leadiag arc eeseatially eae-
or twve-dimesaional. A common appreach
wees tys comcrate paremetere:! cencrets
sodulus ond comcrete fracturs atresgth.
Variewo eupirical equatiens for theae
have besn catadlished by curve fittinmg
ssay Vdlantal-lesding-test data. The
beat kaown of these expreseliens is prod-
ably either the one propesed by Liw,
Nilson, and S$late, of Coraell Umiver-
sity, of the cae prepescd by GCerstie ot
al eof the Univecaity of Ce' .ade (eae
Chon, 1981). Their squivalemt eme- or
tuo~dinvencional appresch s eppoaling
becauea of ts oalaplicity, 1te dreed
data base, and the corteletiecas that
have beon ootabliched batwaen the con-
crete medulus sad o veriety of cumcratae
strength and strain characteristies. It
is well BRoowa that these wmedols ars
mainly applicedle to planet predlens
auch a8 bezea, panc s, aad thin shelle,
vl:r. the otvass is predominantly bdiaz-
ial.

At precent, sulti~dimeasfceal ena-
lysos aore wusvally wsade by tekiag the
ceagrete te be idmcrenentally elastic.
Vher thies te dece, Pelssou’s ratio auat
V' defined. WNevever, ic 10 cot pensible
te deseride the thres~dinonstonsl
sttess~etrain behavior of concrate
Batariale accurately im the framewerk of
3% lucreamsate) Wooka™s lav with varishle
asdull whieh ore functioas eof the maz~
iwua etrens snd/or sttain  lavele.
Rasant resoarch ia ptructural ceasvets
wader etatic aend dpsamic leading has
besa wmeviang coewvard the developzest of
three-dinencienal estregc-etrain cela-
tiens dased en the primciples of plasti-
city as woll as elasticity. Altheagh
seas work 1im thisc area has bdees donc fa
recent yeaes, ne vwaified creatmomt of
the varieus exmisting vathesaticel models
of comcrete bas beca msde froe which o
coaprabisnsive eclastic-plastic-frecture
stresu-strein relatienahip for ceacrote
csm  bo fernulataed. This waified
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appreack in
pagar.

sttampted in the prasent

Is this papar, enpicricel eoquatiens
fer @eduluws s fratture stremgth wadel
bipatel leading, oeaplrical enprecsiomd
far dolt aed ghea? pedrive wader mel-
tiamiel otross steted, erthotrepl. elae-
ticlity, perfect qnd werh-hardening plao-
tielty, which have bean treated sa v
fndividual techeique ta the methemsticel
Redeling of concrete dedavier, ete cou-
sldarad Lo relatien te & comesn strec-
tare. Jema ! the farerrelatiomabipe
betwess the euplrical equatieme, slasti-
¢ity, ond plasticity are ezemined crici~
taily sod gyathecined fn erder te lormu-
lage & cosprehensive elastic-plascice-
fracture gtrege~atraie relatliowmship for
tonctreta, i particwlac, the ftve-
pevameter fatlyre ourface of Hillem-
Yarake ®edel, the tachatawe of waixed
hardesing for cyelic leediags, the etw-
Ple contopt of cruehing coofficient oud
the dwal ctitsrien (for crushiag type,
the cteckiang type ond the sined type of
faflurs cof concretes are considered oo
the LYTIY) ter this comprehensive
davelepnest.

It is ales expectad that the
three-dlosnnionsl fleite tlement
saalyets ptegran curreatly wader
dovalapuant &t Purdus Umivaraicy will be
thy fosadacion for a geaeral spurpose
noulinaary vreinferced cesclete analysis,
stesl-eencrele fateraction pregraa. la
thin devalapment, the comprebonsive con-
sritetive equstisms developed 1w  the
precent work fer cemcrate umsteriasl will
Se tuplenented fnin the computear code in
the form eof osubroutiwnes, vhicl cam be
teadlly adsptad by sny ucalimear (fimite
tleasnt computer prograw is vhich the
tolutics wethad te bdased o the tacre-
asntal apyroach with a tangest modules
forevlieties for selviang eleatic-
plastic-fracture probliras.

1. TR LITBRATURE u¥ THR STATR-OP-TRSE-
11 S

B artempt will Ve wmade Dhers o
review the vaet lfterature om the
asthanstical L.odeling and nonlimesr
spalyais of retaforced concrets
szrucivrag. A coaprahensive state-ef-
the-art eenasry on the cosstitutive
sodeling of retaferced comcrete smateri-
ale  based o2 the theartes of livesr and
onlinsar olasticity a8 wvell as the
theotiss of parfect aad verk-hardaeing
plestlcity tegethar with their fisite
sleneat appliceatisns s gives 1a a
recast ceupeeheasive book entitled
"Plaeticity iu Reinferesd Cemcretea”™ by
Choe (HeCrov=-N4l1 , 1981). Purthar, a
cowprabensiva otate-of-the-art raview oa

conatitutive Nedeling of watericla ond
finite~oloment oasalyesis of vrelafercad
controta etreetutas vwith typlesl ozase-
ples ol recont applicetiens, together
with ad enteneive list of creferesces,
sud compilatien of osvailadbia cesputer
pregrams i ceatalasd {ax the spectal
report of the ARCE Ceamittes (i982) o
fisite element onalyeio of cteianforced
ceacrete atrectwter (A, WN. Rilpew of
Cetnall Universtty, Chatrnaa). Ia por-
ticuler, the ®atariale preacanted |o
Chapter 2 of the A3CE2 QRepert eatitled
“Constitutive Relatione wad  PFallere
Theetlee” by W.F. Chen (Chaivean), 3.0,
Bacaat, 0. Deywheoatuek, T.7. Chaag, 0.
De'wia, T.C.Y. Liu end K.J). Millam opre-
vide @ valugble source of infersatien e
the curranmt atate-ef-the-art ie
nethenatical medeling of reinfovrcad con-
creta matacriale., Detailed and sztsneive
discusations sf the thres-discasiens!
elastic~plastic-fracturs comstitutive
equations for comerete are glven im the
tve ceferences wmantiensd sbevs snd
thersfore will wmot be cepested hera.
lostaad, a diecuseion of tha parcienlar
features to be fmcluded 12 the precesnt
foruvliation of 4 coaprehensive elactic-
plagtic-fracture wtroos-straia Ctelatlien-
ehip for comcrete {o glven ia the ferth-
coving.

1t is worth manmtisming here that s
strong i{mpetue o reswarch la thia geos-
eral ares hes dees the studies rvequired
for the dodiga of prestressad cencrate
reactor vessela, MNote racent work Ia
this area cteu %e followsed threugh the
Procesdings of tha lutermatiesal Coafer-
ence oa Brructural Necheaics ia Reactor
Techaolegy, published vregularly siwce
1871, Special procesdings dealipy with
the monlinesr finice~element enalyals of
reliaforced comcrets Structureas have besn
published by 1438 (1978), Pelttecmice dt
Milamo (1978), aud 1ABSE (19)9). 1Most
reaceat proceedtago that have juat been
publiohed sre the tvo-veluse I1ABSE pud-
licetion on “Advancsed Mechaatce of Refa-
forced Comcreate” (Collogquiwm, Delft,
1981) and the Morighop em Comstitetive
Relstiony for Comcreate held ia Aldu-
quarque, Nev MNexico, oe April 28-29,
1981  spunsored and pudliehad by ths Alr
Porce VNeapome Ladoratory aend the Nev
Mexico Baglismeering Research lastictute.

J. CONSTITUTIVE RQUATIONS POR CONCRRTR

Cescrete, lide Raay other snginser~
1ng materiale, exzhibfice drittle bghavise
for temsils snd small compressive
stresses and Dbecomes ductile tan the
prosence of large hydrsstacic pregastas.
It 4ie therofere woeaniagful aad coen~
veniemt te seek yield critertia and piae-
tic atrees-straia re ol!otl‘f’o for com-
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trate ie the dugtile etate aad o oseok
ftecture g;_’gr % and stregec-ecrele
teigticpahipe for fractured ceoncrete ta
the \rgt;io state., Thege Seittle aed
tuctlle ®addle can thes ¢ cosdined co
provide o proper deacriptien of the pro-

tad peac=fallure Sohavier of cemcrete i
the deetile-beittle state,

Ia the lollaving, we svmmarice the
1peciel features ie feroelatieg an
tlaatle-pleckic-fraceure nedel for the
tiaite~glanent

analyels of cemgrets
fcrueterasn., Bened [ 1} the fecont
tevalopnents, we adept the flve-

berasetar fraciwra (or yileldiag) eri-
tarlen ¢l Willaw~Warnke (1973) as the
failute Bedel for cemcreta. leotrepicz
tlaatlc and anfsetrepic elastic theories
are appiied lar the dooscription of the
Initlal leasding and the pest-faflurs
behaviors of coancrete. A plastic wadel
tteplaytag wtzed Nordentng i wsed te
deecridbe the gemcrete bahsvior bdetveen
the (ntcfsl yleldlag and the fracture
tatlers, lucvamantel straps-ottain
tolatlienohipe are thee derivad baoed on
the sssociated flew rule and mined har-
deatng t!f' of teoccepic eaad UTdendfic
aodels. % the presoat devalepment,
thvee differeat types o fallure medes
are congtdersd.

A elaple crughing coef-
ticient 4s dofiancd Vdased sz o dual

us
ezitecion to jdeatify the crushiamg type,
the ceracking type and the mixzed type eof
tellure. Datsile of thie devolopueat
ere Qiven {8 the fartheeming:

3.1 Rlestic~Plspstic-FPractuze Nedel

Riffereut stages of the JI-0 wedel
seationed above cad be illeetreced
schomacically ta a typicel uniszial

streca-ptraly curve for a plaim comcrate
showa {a Pig. 1.

Cpue ¢ Vet o et G, gro Sl PuRhin rrgiee

" cemcrets

For tesatle fatlure, the Dobhavier
Lo aesoeatielly Qtagerly elostic up to
fallurte lead, the .anlmun stvossed celnm~
tlde with he wanimue otrales, and as
plastic otroing edcur at the tallere
aspaat. Per compresaive failure, the
saterioal initielly erhivita almost
ilseet Dbehavier up te tha prepocrcticasl
lieftt at potat &, after whigh the
waterial e pregressively weebkasad VY
fatersal aieragrachiag up te the epd ef
the perfectly plaotic flow region CD ot
peint B, The nonlincar deformations are
bastcally placcic, stace wpen umlvediag
suly the pottiea ¢ car Dds teceveted
from the tetal defersetion &, 1t 1
cleat that the phessvenes 1o the regles
belew peint A, fo the rogles AC, and to
the regien CR cotresposnds emactly to the
behavier of a lieearly elastic, o work-
hardening slaczeplastic, any an elostic

perfeatly plastic eelid, respactively.
The wee of an slastic-werk-hacdeatag-
plastic wedel to descrido the strease-

atrsin bakhavisr of veseraty satoriale s

therefere very attrective L{m view ef
theae appareat elatlaritiag.
Ve shall theretore assuse & limessr

or menlisear elastic etrece-ctrain role-
tionchip wntil the cosblsed ostate of
strans veachen as fwttial yleld ourfece.
The ieictisl yleld critertion 18 acsuned
te hava the oame geekoutrical ohape in
the otceon space ad tho fallure cri-
terion, The five-pavawelsr faflupe ecri-
terion eof Willasa-VNaernhke {8 wsed te
define the viltimate otace of strece. A
further discession on D¢ chelce of the
Willen~Narahe's five-parvasetsr medel ia
given ia fec. 4.2,

Betvaca tde fattial yialdiag state
and the fallute oetata, as increueatsl
stress amd gtraia relatlemsbip te
assuntd te dafiaa the plactic beadaviaze.
The plentiec relstions are Jdovelepod eow
the baais of o wived-hardening rula eud
the classtcal auvesclated Ilew tale.
Thie davelepaeat 1s fecusaed fa Sec.
“"

Per the poot-fatlure wedeals, the
badaviers cre dafined by thwee
types of fatlure wedea, wavely, creck-
fag, cvvohing, ond s uized wede. ¢
crughiing ceoafficisat beesd ec a dwal
critetion Bhae receatly Vesn propesed ey
Weleh ot ol (1982) te fdentify each of
the fellore weden. This featuvre of the
develepuent ip descrided ian Sec. .4,

Per a fractured coacrete, pro-
cedures bhave bdesn develeoped to haadla
the otreso~ctesia vedist. iheution of &
fractured elewent (Swauk: seéd Chen,
1981). These precedvres asrec tailerved
for the ffalite—elencat ssalyolec of ces~
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tPote tryctwres. Par the frectured
cenccate etreap-ottein telatise, an
enitstTople eleotic wodel fe veed.
Detetle of this ara givas tm Sec. 4.3,

3! ryellere Critetle

I8 weetly fiolxe-clement adalyses
tha vom NWieps or Treeacs type of ylald
sutlace lor ductile’ watale s gensrelly
woad fer comcrete wvader coaprasstive
streggae. Tale type of pregovwre-
tadepondeat yleld surfors correspends to
& pure dAhear ef octahrdral ohear 1

sct
dapendeace, To account for tha lisited
tavei)e tapacity of comcrete, the vea
Mises o7 Trasce ourlface wowally io awg-
nsuted Dy o tepavete tension-faflure
surface, e.3: the waniave-priscipel-
BCFeRa OuPfaca or temslom-cuteff oeur-
face,

The Nrycher~Prager sutface Lo pred-
ably the gfapleet typs of pressvre-
dopendent yleld er fallure criterion
whete ths pure ethear or octahedral ahesr

'.“ dopeada limearly om the hydro-

etatic pigpenra ll st octahadral normel
Stress o . It cac be loeked wpon as @
ansorh ABRP-Covicmd sutface. The latter
hes frocuestly deen wsed as fatluve swr-
face for comcrete, whtle the Drucker-
Pragear swrface has weat fregquentliy baees
weed for geils. TYThe BDruchar-Prager ser-
face Bar tve besjic shertceoalags im cow-
aeztien with concrats wodsling: tha
Lieear relsrtiesghip Ddetveen ot and

qe:t asd the tundependance of the angle
of efmilarity ¢ (see VFPig. 12). “he
T - e relation has bess exparicas-
ect ece

teally ohovs to de curved, and the trace
of the failuvre gurface s deviatoric
sections lg mot circular. Tvo-paraaecter
modele with etraight lines as meridiaae
ata thetefore insdequate for deoscriding
the fatiure eof cemcrote {m the high-
coajprescisa Tange.

The goversliized Drucker-Prager owr-
taca prepesed by Bresler asd Pleter
(1238) sseumen & paredolic dependsace of
] @8 ¢ . While the deviateric sec-

[ 134 [ 44
tiowy are iadepsndent of O, 0a the
other hand, the early versiea of the
thtes~paregote? surface develeped by
Wiliag-Yergke (1373) retalns the limarar
t - e relaties, Ddut devigtorie

ect oct
sections exhidie & depondence. The
fevr-gpatenater wedale of Ottesen (1977)
ssd Beleh et 8]l (1982) and the velfinmed
five-parametar wmedel of Villaw-Yarshe

congtitute deoth & porgbelic ¢ - 9

[ 134 sct
relation sod & O-daposdence. et of
theosas refined wedels glve o close aoti-
Bate of the relevent oenparimental data
(1981), comtais al)l the <thrae stress
faveriants, reflect sll the crequired
chazacterietico comcerning amscthness,
cenvexity, eymqeetry, curved weeridions,
ste. Swt the Millao~-Vertabke o five-
parameter wode] tmcludes w08t of the
Garlier eme~, twe- and three-parametar
sedeles a9 epocisl casedr and Hecasas
fncreoniagly pepular v recest pears.
Ve thoerelore adopt the fiva-parameter
fellure wedel of Villam-Warake a3 the
bacic evwrlace for the developaant of the

preseat elavtic-plastie-fracture wmodel
for cemcrets.

py
N4

Pt § Mg w gt soupn o & 5 8w n v B

The five-parsmater wode)l g 1llwe-
troted im Fig. ), where 1t {s compared
wicth triaxiel teot data. Close ajpree-
Sest can be ohparved for beth hydroas-
tat{. and deviatoric secticae. Ia the
lev-compressian raging the surface
atreagly resembles & tetrahedres, the
plans  of which Dbulges with tmeresoing
hydrootetic compresstion spproximstiang a
circular coms asyeptotically.

in esvamary, the Villam-Watake e

five-paramcoter nodel reproducses the
ptincipal (festures of the triazial
fatlure surface of comcreate (Chen,

1982). It comsiste of a coatcal ehape
wit curved wmartdisns oend uowcirzcslar
boge sectices ag c3ll as esmaffiae eac-
tisna 1m the deviateric plame. 1Ia viasw
of the Cluctwations of exparimental
teguls, thete fe little wesd for
further reafinvaents of this wedel. Tdes,
we cheoses this oxrface as the dasic
foeres for yieldtang, leading asnd fatlure
swrfaces. Yurther discweatons will
tharafore be (ocused on the davelepment
of oetress-stvain relatioaships of coa-
ctete wander general sireds states.
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3.3 MHixed Hardening Rule

It is convenient to sasume a cri-
terion for initial ytelding to have the
sage functional form as the failure eri-
terion. In the present model based on
the five-parameter fallure criterion of
Willsm and Warnke (1975), the matarial
constants are also assumed to remain the
same, except that the nondimensional

-

constant, the coapressive strength fC is

replaced by . &
£ = 0.3 " 0.6f .
c <

differant valus
The exact value of fc

can be taken from the uniaxial coapres-
eive stress~st. ain curve of the specific
concrete used.

The initial ylelding criterion snd
the failure criterion define the limits
of the elastic region, the plastic
tegion, and the post~faillure region.
Within the elastic region and the post-
fatlure region, theories of linear elas-
ticity and nonlinear anisotropic elasti-
city can be apylied to concrete from the

T Exponenod (Livnay @ ol |
— i Facameie Mudet
|~-l!,c,-&l.lllﬂ,"-l“,,:-lﬂ

Hydreciake Sahen Dawater  5aticne

Yigure 3 Comparison of tesi results for Willam-Warnke Fsilure Mode.

(Willan and Wamnke, 197k)

macroscopic point of view (Cher and
Saleed, 1982). For a state of ntress
beyond the initiel yielding
ble deformations bacome significant. It
Ts convenlent to follow the  work-
hardening plasticity theory to develop
the required increwental form of
stress-strain ralationships. This
rejuirec the coansiderstion of a harden-
irg rule.

L TR BRI eemmmatna L €T

irraverci-

The hardening rule defines the
motion of the subsequent yiaeld surfaces
during plastic loading. A ausber of
hardening rules have been proposed to
describe the growth of sybsequant yield
surfaces for work-hardening materials.
The: choice of a specific rule depends on
the oase wvith which it can be appliaed
and 1ite ability to represent the harden-
ing behavior of the material being con-
sidered. Three types of hardening rulas
are moet frequently considerad:

1. Isotropic hardening (H1ll, 1950)

2. Kinematic hardening (Prager,
Ziegler, 1959)

1955;

3. Mixed hardening (Hodgs, 1957)

The isotropic-hardening rule assumes a
unifora expansion of the initial yfeld
surface, It applies asinly to monotonic
proportional loadings; for cyclic and
reversed types of loadings for materials
with a pronounced Basusgchinger effect,
the kinematic thardeaing rule 1is wmore
appropriate. It congiders the Dauach-
inger effect in an idealized macner and
also the development of anigotropy due
to plastic deformation. Combinations of
isotropic eand kinematic hardening are
called mixed hardening, which s found
to be more suitable for concrete materi-
als.

In the present model, we conglder
the plastic gtrain increment in the form

P o Pt pk
deij deij + dcij (1)

aM de¢ + (1-M) d¢

P P
1) 1)
and introduce a constant pargmeter M to
deffne the isotropic hardening etfect

P P,
dcij - M dsij The remaining plastic

k
strain increment dtrj is then due to the

kinematic, hirderning.
ment dcij

hardening function through ths concept
of effective stress -~ effective plaptic
strain which makes it poesible to extra-

The etrsin incre-
is related to the isotropic

polate from s simple uniaxial compres-
sion test into the sultidimensional
pk

situation. The strain incrament cll:i‘1 iz

related to the kinematic hardening rule
of Prager~s or Ziegler's.

In this uixed hardening wodel for
concrete, the weighting coefficient M (O
¢ M <1l) 4s 1introduced to allow the
freedom of selecting different propor-
tions of {sotrxopic and kinematic effacts

pom e R T
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in the wmixed wmodal. M can also be &
negstive value, (1] that teotropic
softening cen aleo be consfdered. The
advantage of using the concept of wixel
hardening have been demonstrated by
Axelsson and Ssmuelsson (1979) in
dercribing the loading cycleus of metals
and by Haieh et al (1982) in describing
the reversed losding behavior of con-
crate matarisls.

In developing an elastoplastic
model for work-hatrdening matevial, three
baeic assumpiions are general eamployed:

1. The existence of initial yield sur-
face and subsequent loading sur-
Laces.

2. The forwulation of an awppropriata
hardeniung rule that describes the

evolution of wsubseguent loading
surfaces.

3. A flow ruie that specifies the gen-
eral form of the stress-strain
relationship.

In the present work, the first assump-
tion ia saticfied by the chcice of tha
five-parameter =model of Willsm and
Warnke (Sec. 4.2). As for the second
agsumption, we have chosan ths wixed
hardening rule as described hara,.

The third assumption states that
for an idealized plastic material, it {s
possible to defiae a plastic potential

P
fusction .(UIJ’ tij' k),
L. %%
dcij [ B 3013 (2)

The gradient of the potentiasl sur-
face deafines the direction of the
plestic-gtrain dncrement, while the
length s determined by the loading
perameter di,

The flow rule 1s associated {f the
plastic potential has the same shape &8s
the yiaeld condition

P P
8oy, Sop B 7 oy Sy W
P af
de, , = d) (3)
13 3011

The associated flov rule {s epplied
hera for practical reasons, since there
is very little experisental evidence on
subsequent loadiag asurfaces. In a few
cases observations are available, we.g.
on the volume change during plastic
flov, we may use this 4{nformation, iz
the subsequent devalopmeant to conetruct

& plastic potential indepandeatly of the

yield surface for controllinmg dilatency
er compection (Chen, 19°°),

Mith the halp of theoa three
assumptions, ve can nov detersine
uniquely the wiresses which aerise during
any iteration in a cumericel avalysis in
which known, finfte changes in strain
A‘ij sars  i{mposed. This is the sub ject

of 8 latar discuseion.

2.4 Poat-Fracture Nodeling

Concrete fails or fracturee in
extramely complex noden. Aggregate
tyses, mixed dasign, and loeding condi-
tions among many other factors all play
roles in the cauase of faflure. It e
difficult to classify and defiane pre-
cisely the fallyre modes. Howaver, in a
general sanse, the mode of fallure way

be categorized into three typas, namely,
the cracking, crushing and s alxture of
cracking and crushing, Documentad test
results for tension-rension or tension-
comprassion biaxial corditions shov the
causa of fracture is primerily s brit-
tle splitting in the place ooreel to the
maximun tensile atrain direvccion (sse
for example, Chen and Ting, 1980). For
the triaxial compression teats, depend-
ing on the wmagnitude of <coénlinement
pressure, 1t Geeams that all tha three
types of mode are puseidle. When the
confinesent pressure 1s mych lower than
the axial compression, rough crack sur-
faces can be formed in the direction
normal to the wmaximum tensile atrasin,
possibly due to the connection of
numerous sicrocracks. Tor nearly uaf-
form hydrostatic condition, crushinmg
failure 18 mora common, possibly due to
the rurture of mortar in the concrete.

In viev of the failurs wodes due to
various types of loading =~ndicions, o
crushing cocaffici{ent a has been proposed
to 1dentify thae wode being either a pure
cracking, & pure crushiug, or & wmixture
of the above (Hsieh et al, 1982). The
coefficient can alsoc be used to estimate
tha jproportione of the cracking effact
of the crushing effect in a wmixed type
of faillure. This coacept 1s found to de
particularly appasling vher the vpost-
failure behaviors of the fractured con-
cseta are considered. This concept s
further refined in the present work.

The concept -f cruehing coefficient
is based oo the consideragion of & dusl
criterion in defining the pure cracking
sone and the pure crushiog zone 'n the
overall spectrum of fallure mods. 1§
the early developwment, the pure crazkins
sone is assumed to satisfy the smaximum
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tensile strass condition

° >0 (4)

which can be written in

teras of ctha
atrase inverisnts as

J

2 copd ¢ I, >0

e ¢ < 60° (3)

where

I1 L] 011 * the first stress invariant

1
J2 * ¥ %3y %y
= the 2econd deviatoric stress
1nvnr£ant

377 %1y % %t
= the third deviatoric attese
inveriant, and

NIy 7
cos 38-"—2 3‘3‘7‘2'
2

= angle of simildarity, Fig. 2.(6)

It may be shown that the upper limit of
the pure cracking condition satisfies
the uniaxtal and the bigzial compression
failure test data, see Tig. 4., Por the
pute crushing type, it vas sssused, a¢ a

first approximation, that all thres
principal etrain components are all
coapressive straine, so that the crzack

machanise can not be developed in the
light that no teneile strain could
appear in any dirsction. This implies
that the @aaximua principal strain ise
non-positive

€ <0 (1)
1

Using the Hooke™s law, this condition
a8y be expressed in terms of the stress
{nvariants as

;Tz cosd + —i2Y) 1, <0 (&)
\ AT (1)

combining these two conditions fgt
cracking and crushing, & crushing coes-
ficient a may be defiued

I

a = 0 <60° (9)
2\1T \‘I; coe®

such thst

{. pure cracking wode, vhez a< 1

N l+v
{1. pure crushing medy, vhen e 13y

62

1i4. mined moda, whan

1+ v
1=2v

1 ¢a¢ (10}

Lt Poisson®s v L5 taken to be 0.2, we
have the oiaple values of a» 1.0 and
2.0 as the boundary valuas separating
the three differeat faflure 20nes. Thie
is 1llustrated aschematically 1a the
octshedrel normel and shear strese space
as shown in Fig. 4.

R4 N o w ominioal shor nd oo s s

Wote that in obtaining the aimple
crushing coefficient o, Eooke“s lsv of
alasticity was employed to obtain the
stress eriterion. Strictly speaking,
this 16 1inconaslstent {in an elastic-
plastic-fracture wodal; Rooke s lav may
not apply imwediatsly before crushing.
Rowever, Jjudging by the complax nature
of concrete failure and the simplicity
in the application of the concept of the
crugshing coefficient, the elasticity
Sssumption wmay Treprasent am accep.abla
first approximation. PFor wore accurite
descriptiona, the original dual cri-
terioan, i.e. el > 0 aed ‘1 < 0, may &lso

be used. A further refinemeat oa the
concept of crushing coefficient will be
nade in the subsequant work.

To complete the constitutive wmodel
for the post-fracturs behaviors of coa-
crats corresponding te . ecch of the
failure modes, wa usa the folloving pos-

sible approaches for the aathematical
modeling.
For the purs crushing scme, the

crushad concrate 23y bde viewed to
behavior like a gramular material undar
the confinsment of meighdoring meteri-
als. Materilal atiffaess in compression
or shear, slthough reduced, should atill
exist. TFor simplicity, wa =may cueglect
the rasidual stiffmass snd the residusl
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strength of & cltushed concrets element
coeapletely in am  analysisg. A wmors
rafined sodel may consider the orifenta-
tion of fallure plenes and use & par-
tielly collapse faflure surface 1n tha

fora of no-tension, no-cohesion or no-
frict{on modale (Argyris at al, 1976).
This aspect of modeling is not con-

siderad f{n the pressat work.

PoT the

pute cracking sone, the
custowary procedures 1is to assume that
the cracked copcrets remains a contin-
sua, 1.e. the cracks ars sweared out in
& contionuous fashiun. It 19 assumed
that the concrats

becomes orthoxropic
(or more accurataly, transversely [ Xoh
tropic) afrer the firet cracking hae

sceurred, one of the materi~1l axzes daing
oriented aloag the diractioa of cirack-~
fag. Such foraulations easily allow for
gradual build-down of strength o the

direction of teneion (tension stiffen-

ing). Also shear-stiangth reserves due
to aggregate interlocking and dovel

action of relnforcement can be accounted

for by retaining a positive shear
sodulus. The continuous model for

cracking hss been used in @ost of the
computational modals for concrete and is
thersfores adopted here tor further
development. An extensive discuasico of
the kinematics of & cracked concrete
elament hss been reported by Chen and
Susuki, (1980).

Por the wmizxed fatlure
value of ths crushing cosfficient 1s
betvean 1.0 apd 2.0 for v = 0.2, ftor
exseple. 1f the crushing coaificiant is
sdopted as a measure of ths degres of

sone, the

crushing fo this psrtially cracking and
pariially rrushing concrets elenmant,
thez wve may viev that Lhe poat-failure

behavior is also & linesr .iaterpolastion
of tha perfectly daformsablr bahavior aad
the anisotropir elastic behavior.

lence ’: 18 proposed that the concrate
al_smiat ¥ill lose its rigidity ia the
reacked plane accordiag to the mazimus

teasile strain direction snd tha aniso-
tropie astiffness of the frsctured ele-
ment will also be proportionslly reduced

according te the magnitude of a Hote
that for v = 0.2, mized faflure lies
betwsern a = 1.0 gend 2.0. Thus, the
value., of & behiad the deacimal polot

rapteconts the
and aleso the
reduction.

purcentages of crushing
percaentagss of stiffacas
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ABSTRACT

\’ro accurately predict the responss of
a concrete structure for a given loading
condition somes knowledge of shear strength
and compressibility is required. Several
studias have shown that these properties
V&TY aa concrete cures and ages: there-
fors, the response of a concreta structure
changes with time. In order to address
this problem, Sandia initiated a material
test program to study the curing and aging
cf underground concrete structures. Mate-
rial propertias were obtained from cores
taken periodically from two underground
concrete structures constructed at the
Sandia Tonopah Test Range, Nevada. Raesults
of this continuing study are pnuntejf

\

INTRODUCTION

The effact of curing and aging on
the material properties of concrete is
alvays a design consideration. However,
most research in this area is driven by
construction considerations and, normally,
only the effects of these factors on the
uniaxial compressive strangth are studied.
The effacts of curing and aging on the
response of concrete structures to muni-

. tion type loadings require additional con-

sidearations. For munition type loadings,
the multi-dimensional response of concrate
is jmportant. Also, concrete structures
ars cured under in situ rather than labo-
ratory conditions. Since it is difficult
t0 test large structures, it is comson to
test laboratory cured scale model struc-
tures vhich are only several months old.
TC accuratsaly apply structural response
and sunition effectiveness results from
these Bmodels to the prototypas requires
that the difference betwean the multi-
axial proparties of the model and the
prototype be defined. Therefoure, in the
interacticn of munitions with concreta
structures, the effacts of the variation
in ciring and aging on the multiaxial
properties of cancrete are very important.

THR EFPFECTS OF CURING AND AGING ON THE TRIAXIAL PROPRNTIES
OF CONCARTE IN UNDERGROUND STRUCTURES

M. N. Hightower

Sandia National Laboratoriea
Albuguerque, NM 87185

Cne of the most coswson typed of
deafense structures is the buried concrete
structure whilih has bean used in many
applications. Dapending on the geologic
material in which a buried structure is
constructed, the in situ curing conditions
can vary from dry to saturated and at
other than optimal curing temperatures.
Since it is difficult to obtain samples or
cores from buried structures, little data
is available to date on the affsct of
these types of in situ curing conditions
on concrete properties.

In support of concrete panatration
programs, Sandis constructed several
buried concrete structures at the Tonopah
Test Range, Nevada. In order tc determine
the effect of in situ curinc and aging on
concrets properties for these structurss,
Sandia has pariocdically cored two of these
structures. With this test program, we
hopead to determine the rate at which thase
structurea cure and the maximum strengths
attained.

TRST PROGRAN

Two buried structures constructed for
concrete panetration studies were tested
in this program.

The first structure (Structure A)
consists of several layers of heavily
reinforoed concrete slabs which ware two
to three feet thick and buried from six
to 27 feet deep. The concrets was nokmi-
nally 34 ¥Pa (5000 psi} unconfined coa-
pressive strength at 28 days with one inch
maximum size aggregate. The second struc-
ture (8tructure B) is eight feet thick,
ten feet in diameter, non-reinforced, and
buried eight feet deep. The concrete wvas
nominally 14 MPa (2000 psi) unconfined
compres@ive strength at 18 days with no
coarse aggregate. Btructure A was con-
structed at Antalopes Dry Lake and Struc-
ture B was constructed in Pedro Dry Lake.
The material properties of the scil in
both of these 4dry lake beds down through




the levels at which thesa atructures wecs
built are listed in Table I.

All material property tasts ware com-
ducted by Terra Tek, Salt Lake City, Utah,
The data obtained included physical prop-
srtiee {(density. porosity, and saturation)
and hydrostatic and triaxial compression
data to confining pressures of 400 iPa
(58000 psi). Concrete samples were taken
as each structure was cemstructed. These
sanplea were tested at the time of the
firast penstration test into each struocture
which, in both cases, was a faw moaths
after construction, After construction,
each of thess structures was cored at
approximataly two year iptervals so that
material properties of the aging concrets
could be obtained. Structure A was con-
structed in 1980 and was cored in 1682,
while Structure B was conetructed in 1979
and was cored in 1981 and 1983,

Physical P rt ta

A summary of the physical property
data for the voncrete in thesa two etruo-
‘tures is pregented in Table II. Included
in this table are the average density,
porosity, and saturation of esach oconcrets
sanple at each time intsrval. An examina-
tion of thesa properties indicates that
density and porosity vary slightly from
senple to sample in each atruycoture. These
data also indicate that the saturation of
the concrete has decreased with time for
both structures.

Hydrostatic and Triaxial Compression Data

Pigures 1 and 2 show the results of
the triaxial and hydrostatic compression
dats for the concrate in Structurs A. The
triaxial compression data indicats that
the triaxial strength of the concrete in-
creased dramatically over a 24 month
pariod. The hydrostatic compreesion data
indicate that the cospressibiiity of the
concrete had increased slightly over the
same 24 month period. Thess results are
indicative of & material that obeys the
effective gtress theory and has a de~-
crease in saturation.

Figures 3 and &4 show the results of
the triaxial and hydrostatic compreasion
data for the concrete in Structure B.

The triaxial coaprezsion data indicate
that the triaxial strength of ths grout
increaged dramatically over & 24 Boath
period; however, triaxial strength de-
crsagad slightly over the 24 to 4€ mouth
period. The hydrostatic comgression data
indicate’ that compressibility of the grout
increassd coatinuously over the same 46
month period. The results Ww to the

2¢ month sge of thie grout alao are
indicative of a material that obeye

the effective streas theory and has a
decroase in saturation over thias pericd.
The physioal properties of tha grout ig
Structure B show that the saturation of
the grout 4id not changs from ths 24 to
46 month period., This could ewxplain )
there is little difference in the triaxial
compression data over thie period. The
grout probably did pot continus to de-
orease in saturation since it had already
reached the seturation level of the sur-
rounding soil.

In order to compare the hydrostatic -

and triaxial compression data of the con~”
cretes in Structures A and B, the data

ia normalized and presented in PFigures

S and §. In Figure §, the triaxial com-
pression data from Figures 1 and ) are
normalissd by tha design unconfined
compressive strength at 28 days, f'g, of
the concrete in each structure. The
normalizad cata show that the strengths
of sach concrets at each age are similar,
which indicates that the rates of curing
of these buried structures are similar.
This might be expscted ainca thess two
structures wvere constructed near the same
locatien at similar depths in soil with
similar seturation. In Pigure 6§, the
hydrostatic cospression data from Figures
2 and ¢ have been rormalised by the
design unconfined compressive strength
at 28 days and the averags porosity of
the concrete in each respactive structurse.
The data plotted im this form shows
volumetric strain incrsases nearly bi-
linearly with confining pressure with the
slopas of the two linear portions nearly
constant in all cases. The tramsition
ocours near tha point at which the air
voids are eliminated and the samples
becoms saturated. These data show that
the rates of change of ths hydrostatic
compresaion of thegs concretan are
similar,

Cong abs

fasults indicdate that these concrates
cbey the effective strecs theory and that
the saturation of the concrets stroagly
influences triaxial strength and com-
pressibility. The datx also show the
saturation of the concrete slowly ds-
creasss to the satursation level of the
surrounding medium for buriad structurss.
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ARSTRACT

\%m: paper, the criteria of strength for
som srisotropic mtarials are investigetad. ™
azistence of a st th function, which is @
function of invariants of & 1tress tensor, is
assumed. The invarianis for each class of
anisotropic materials are obtatnad.

INTRODUCTION

For the purposs of material characterization
and design, & rational :11\0 strength criterion
for compositas s essential and imsportant. As
pointed out by Tsal and Wu (1], the majority of
proposed criteris are limited in their ability to
include the correlating stress effects. In order
to remove tuch & limitation, Gol'denblat and
Kopnoy [2] proposed @ new criterion of stremgth for
snisotropic materials. They investigated ex-
plicitly the forwm of st th critarion for ortho-
tropic materials, In particylar, they verified
their rasults for glass-reinforced plastics
exparimentally and showmed the suitabtiity of the
proposed criterion of itrength for practical usage.
In this paper, the critaria of strength for some
anisotropic meterials are investigated. Ve assume
tha existence of a strength function [3] which s
2 function of invariants of a stress tensor. ™
tnvariants for each class of snisotropic materials
are obtained. Consequently, the strength functions
proposed by Tsal and W [1] for triclinic and
rhombic (orthotropic) saterials, by Gol'denblat and
Xopnoy [2] for rhombic, and by Hill (4] for
orthotropic matarials can be obtained readily from
the appropriate fnvariants given {n this papar.

Strength {riteris for Anisotropic Materials

Considar a strength function [3)
F(u”) =0 (1)

which 1s required to be invariant under a group of
transformations “ij)‘ characterizing the material
anisotropy, 1.e.,

F(EU) - HOU)
and ;1'3 .t ot

i@ ynmn (2)

STRENGTH CRITERIA FOR ARISOTROPIC MATERIALS

C.L.D. Muang and H.5. Malker
Department of Mechenical Engineering

Kansas State University
Mnnattan, KS 68808

Invarfants for each tysteam of anisotrepic
materials are obtained in the folliowings by uting
Bq. {2}, [4,5). The contracted notation i3 used,
(o) 099+ Oy3v 93 * oypr 01y " O3y 9 " o)
(o1 954 931 94 ogs 95).

1. Triclinie Jystem

Pedtal !
- (tu)
Pinacoidal I, €

For crystals having triclinic sysmtry, there
ts no restriction on the orientation of the pre-
ferrad direction; any rectanpgular coordinate system
can be used a3 a reference framm. Thus, the
{nvariant “1) for both classes are

l‘“): )+ 90 Uqe Ggo Tg Og - (3)
2. Rhombic System
Rhomb ic-pyremida! LRy Ry.0y

Rhomb 1¢-disphenoidal 1'01'92'[}3 “11)

Rhombic-dipyranidal I.C.lll.fl?,RJ.Dl .D!.D3
(1), .
l1 T 0)s g0 0y 4

@), « 2 2,
X‘ D ogs Oy 0g : (X*)
I‘(a); 94959 (4)

3. Ireverse ljotropy

It s supposed that tw material is trams-
versaly tsotropic with respect to an axis x,. Thws,
the trensformations charectarizing transwria
isotropy are [ and

Rxp + 1y = o""(n1 + 1xy)xy @ xgifor a1l values

ofal.
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Therefore, the invorients ore .. .. .. -
F ’IJ' G FRJ‘ L] Fn. E (8 F“.
l%”: 03.(‘ ‘Oz'n Maf Mef *
@ ! - 85 “'
, -l .
1§ oo = o oq *og i T h n G oM Fpp e HeF, and Fyy = F oG,
{3),
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wWe.en the terms of ree three (l(” for f .
are omitted, the results (Eq. (3), ! (5)) yield 1. S. M. Taal and £. M. Wy, A Generg) Theor; of
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. ABSTRACT

!

\}M constitutive perperties of stael fider
retaforced concrate (FRC) are baing ttudisd
experipentally in o unique fluld cushion myiti-
antal cubical test cell at the Umiversity of
Colorado. Ia the first phase of the progrea, the
behavior of FIC wat tasted uneer three-dimenrsions)
compressive loading. The strength and stress-
strain propertias are amalyzed by vaing conttitu-
tive madeis aveltadle In the Yitersture. In the
second phase, o modification to the existing test
apparetus was made for testing cubfcal specimens
under direct temsion loading. The modification
constits of brushes with individual) bristles glued
to the specimen. In this paper, resylits are shown
from the blaxtal! tension-compression test program
t deaonstirite the strength 'nunctio«/r

[HTROOUCT 10N

The addition of fiders to cementitious mater-
1als improves mny of the enginsering properties
by drovidiag for 3 differeat deformation and foll-
ure mechaniss from thet of the plate matrix adler-
1al. Although 2 stgnificent amount of reseerch
nas dean Carried out o steel fiber reinforced
comcrete (FRL) 1R the past two decades, thers 13
still a comstderadlie void (n the knowl of the
strength and stress-stratin behavior of FRC under
complax states of stress. This stams mainly from
a Tack of suitadblie equipment for lying multt-

“dimensional stress and, tn particelar, for simml-
tangoutly applying combinations of tension and
comprezsion. Thus, most FRC applicatioms to-dats
have been liaited to situations where the predom-
{nant stress condition camn be similated in the
Taboritory, ¢.g., flexural loading in bridoe decc
overiays, highwiy and airfield pavements. It

r3 that the improved propertias of FRU over
plata Portiand Compat concrete ware 4117 desirable
in many other 1tcations, but wider applications
of FRC could omly de brought about 11 & better
undarstantiag of (ts enginsering properties under
complen stress states it available.

A research progran, speasored hy the Alr
Force Office of Scientific Retearch has bees
uhdervay 4% the wmiversity of Colovades at Bewlder
for tha past few yedrs 0 examine the stresgth aad
behavicr of steel fidber reinforced comcrate swd-
jocted to both three-dmeesioma! compressive 12ad-

e e~ . - . e e Aot

COMSTITUTIVE PROPERTIES OF STELL FIBER REINFORCED CONCAZYE I
MULTIAXIAL LOADING

Non-Tim Ko, Aoger M. Meter, Dante) £. Ecging, Stetn Sture amd Chuan (. Feng

Department of Civil, [avironmenta) and Architectura! Engineering
University of Colorado, Boulder, Cu. 80309

1ng and blaxial tension-comprestion loading. In
this paper, the results of the test p-ogrem are
preteated.

MATERTAL

From & preliminiry test series (n which
several types of steel fibers ware L3ad in con-
Junction with one comaon platn toncrete mix,
Egging L1) selected for the tett program the
Oremiz 30/0.4 fiders sarufactured by Beksert Stee)
Wire Corp. These fiders ere stinight, round wires
with patanted hooked endt 5 1acreqase their resis-
tance o pullout. The wires, 30 mm in length and
0.4 = in dtameter, are avatlable in collated
clips, Reld togather by a wator soludlc glue. T™he
glue dissolves within une mirwte after the clips
4re added to the plain coacrete, alloming disper-
ston of the individual fibers. A vol fraction
of 0.6 parcent was used ia the -ix!ng-n’ the FAC.
This value may appedar Yow in comparison with these
usad for strafght fiders without bent ends. MHow-
ever, tt was selected on the batis of manufac-
turer's claim of the hNigher pyllout resistance
afforded by the deformed fidbers. With this volume
fraction, no dalling or segregation of the fibers
wal adearved diring wixing and 9o0d workabiligy
was cbtained,

The plafn concrete mix design consfited of
the following parameters:

water/cement retio » 0.5

cemant coatent * V70 1b/cu yd

naxtoum stze of coarse aggregate = 3/8 in

fineness wmodulus = 2.4

perceat of fime aggregata = 531 of tats)

aggregate

This plain concrete ®ix has a uniaxfal com
pressive st of 7,900 ps!, while the FRC
obtatned by ing Pibers at 0.6 percent by voluwe
has 2 stromgth of 9,150 psi.

TEST EQUIPHENT AND PROCEDURE

Twe multiaxial cubical test cal) developed
for compressive testing of comcrate, rocks and o
composite matertfals (Xo and Sture (2)) wus wsad -
!ormmtpn’r-um For the combined
tension-compression teating, 4 mas addition to the
test col) was mede. The equismeat (3 Brigfly
described in the followimy,

M




The test coll conststa of a rigid frame omto
which are sounted stz wails. The freme hes three
orthosonal square holes achined th 1t e
shown 1n Figure !, Tha {atersaction of thete
noles forme a cubics) cavity in the ceater of ke
frome, within which the & in. cubtcal test
speciman realdas. The 31z squara opanings in the
froms, together with the adjotining walls, act a8
prosture chesbers. Each face of tha test specioen
becomss the (aterior wall ¢f ome chezber. A fiytd
cushion system i3 estabdlished §i. each chamber
through the use of a flexidle poiyurethame mem-
brame atteched to the inside frce of each wid,
This sembrase, which fits inte the square opening
in the freme, retaina the hydreuvlic fluid pumped
inte the chader. Tha fluid pressure gemerited
within the mabrane 13 ros'sted the speciosn
ond exterior wall, A typical xall assembly with
the f'td cushion s also shown in Figure 1.

On the intarior face of each well and within
the flyuid cushion gystem is mouated & sat of three
prozimfty transducaers, masufactured by Bavtley
Navada Corp., for detecting the movemeat of bress
targets gluad to the surface of the test speci-
mn. The onsuruhx nedium in the fluld
cushions is silicen flutd, chosen for L. imert
properties and noninterference with the perfore-
ance of the proximity probes. The pressures %
the three pairs of opposite fluid cushiors are
gererated by thres Nndt:us. and the plumbing {3
arean in such & way that cach pusp can te used
10 ¢alivar the pressuie to one, two or all anes in
the test cvll. The design capacity of the iystes
13 25,000 rsi.

The fluld cushion 1oading system employed in
the test device Ms been shown to provide the
Yeast boundiry constraint on the tast specimen,
and to have digtinct adventages over ofther methods
of load application (e.g. rigid platens with or
uithout ludrication) in the tasting of corcrete
materials 13,4). In essence, the app'icetion cf a
knovm, yniform norms) compressive streis throwgh
the flexible mesbrane in the fluid cushion system
ensures complete contrel of the applied thres-
dimensional stress state. In addition, since the
specimen 13 unrestrained by the flutd cushions,
the mode of deformation and fatlyre {n the test
specimen 1s uninhibited by the test equipment.
Thus, the response mpasured 1n testing with this
equipment reflects the true material property.

The system described above has bean used in
the constitutive chavacterization of many comcrets
and rock materials under arbitravy, compratsive
loeding. To accoamddate the needs of the ¢ rroat
project on FRC, an additicaal feature was iastall-
ed to provide the capability of tenstion testing im
one axig, Meter LSi. The tension Yoeding device
asdopted utilizes a pair of brush platens glued to
the opposita surfeces of the test cwde for apply-
ing the tersica logd. Ons Ralf of the taasion
leading device i3 shown schematically 'n relation
to 1ts mourting oa the freme in the cubical test
call in Figure 2.

72

Each brush platen fs made of 228 alumimm
britties, srronged 1n & square patiers and Reyed
nto a1 aVvmtmum amhoﬂnt dlock. This dlock s
connected to a dovble acting Rydreulic cylinder
through & soherical seat assembdly dest to
accommodats rotation aad translation of the test
cube, and to maintain concentricity of the applied
tenston force.

The tension generated b{ the hydrautic
cylinder to pull on the bruah plsten fs reststed
by 0 patr of stand-offs mounted on the cubtcel
cell frame. The gpecisen deformation in the
direction of the 4ppliad tonstie stress s medsur-
od by pronfeity transducers that moaftor the move-
esnt of targets mowated oa the brush Dloct.

The Drushes are glued to the FRL test spaci-
»en by scens of o commercial structural concrets
epoxy (Sikadur 3] Ni-Mod Gel). The batsgen
bristies in & brush platen are fi)ied wilh 2 sili-
cone rvbber material to preveat tration of the
epoxy. The rebder 13 soft $0 88 Mt to
restratn the lateral movement of the bristles.
After oich tast, the bruthes are cleaned by sand-
blasting the tips of the bristies in order %o pre-
pare a clean wrfsce for the bonding for the
follouing test. The apoxy develops 1t3 full
strength {n 24 hours.

Dats 2cquisition in the test system i
Rhand'ed by a ﬂ\t'g'l‘:l scanner coatrolled by a WP
9830 calculator. output signals from the 18
proximitor transducers are scanned and sent in
digital form to the calculator which them computes
the changas from the initfal conditions. The
specimen deformations are then computed by refer-
ence to 4 culibration curve. It {3 necessary to
allow for the flexibility of the tast systes which
13 not negligidle 1a comgarison to the deforme-
tions of thy FRC test specioen. Tha syttem i3
calibrated ty testing 2 dumgy dlunimum cude of
kaown properties.

TEST PROGRAN

Two phases of the tast pN:P‘ have besn
completed, as descrided in the following.

1n Phase 1, three-dimensions) compressive
10adings were .gh'.d alorg the stress paths as
shown 1n Figure 3. These stress paths conrsisted
of wydrostatic (isotropic rascion) loadiag to
the selected mdan strass leve) of 4, 6 or 8 ksi,
followed by deviatoric (pure shear) loadiag in
that deviatoric plame in the direction of triaxtal
cempression (TC: g, %6, * gy), triaxial extension
{TE: o; = oy%uy), or siuple sheer (SS: o) 20y70y,09
- mshn). ring the dsviatoric \ud‘n. 3-
o stress, 1/ (o) ¢ o; ¢ oy), remained
constant. For each tast path, saveral replicate
experimenis were perforwed.

In Phase 2, biaxiel tasts wers performed
along the stress paths &5 shows in Figure 4.
There were two groups of biaxial tests im this




Mase. e first growp consisted of biental com-
Pression gedts with ~tional Yosding with the
tress ratie oy /0, sema) te O/1, 1710, 1/3, ¥/3,
g 3/3, while o remetned ot zero. The first
itreit ratio representy vataxia) compression,
wile the Tast repressats equi-biarisl compret-
tton. e sacond growp of dlantal tests commisted
of comdingd tansion-compression leading, with the
Compretsive stress first appitied, to De followed
ty tentile loading 1R 2 transverde girection. The
Campratiive preloading was tken ts 0.1, 0.3, G.4,
0.5, 0.65, .8 sad 0.88 of the waconfined compres-
sive ttramgth. Of course, €irect tension loading
without sny coapressive preloagieg was alio
wyioyes.

The sbjectives of the Phase | tast progras
wre 5 obtain both the stremgth and the bemavior
of the FRC undar sultiaxial compresaive Yoading
for corstitutive modeling. Simtlar test progras
Myre preaviously been Congucted on plain ceacrete
13,4], 10 that the mew resyits on FRC could e
txamimed and Compared with existing data, despite
the difference in materiols. In tw Phase ? prog-
ram, ditentich wes focuied on cdtaining the di-
axia) fatlure envelope and 0n the effects of
combined 1oeding on the teasile strength of FRC.

RESLTS
Phase |

Typica) stress-strain curves odtsined from
Phase | are shown in Figure 5 where the major
principsl stresy morwalized with respect 0 thw
Mpen stregs 1t plotted versus tiw princips!l
Straing in the x, y and 1 dirctions, and the
vwlamtric stratn cy. The first portion in each
ttress-ttrain Curve ropresents the Rydrostatic
loading to the ratio 0f o, /agy = |, where in the
Case shawn 0o * 8 k3l three principal
itralns thowad 41@0st equal magnitudes under hyd-
rostetic loading, tmdicating an 1sotropic mater-
fal., towgver, tay s3tumption regarding isotropy
ot be Dased on more extansive investigatiom in
wvhich different directiona)l loadings are used.

The dbehavior shown for the TC test path in
Figure § 15 typtcal of 41! 4eviatoric loadings
uied 11 Paase 1. At poiat A identified on the
volummiric strain curve, volvee dilation begsn Lo
occur. This poiat, sometismes reter.ed to as the
point of discoatimuity, has deen taken to repre-
sent the conditiom under which urcontrolled crack
growth wiyld develop, eveatually lesading to phys!-
tal fallure of the seecimen if sufficlieat time i3
tHowsd. Under morme! tagting conditions, where
the rats of loading i1 fast tn comparison to the
Crack growth rete, CoAtinued increase 1a the
tppliad 1ood loads to physical failure at & Yave!
15-20 percent above the point of dtscontimuity.

In Prase | of this tavestigation, the points
of discontimuity obtained uneer different stress
Paths wmre plotted in principal stress space to
Gfine 4 f {lure soavelops. Two differeat cross-
Sections or this envelope 2re swown in the devia-
toric plame 15 Figure 6 and in the Remdulic (tri-

antal] plome in Figure 7. Tharee sets of data are
plotted In Figure §, from the testt on the & ¢
and B gl deviatoric plames, respectively. In
a0diticn to the laboratory test data, “igures &
and 7 4130 show the fitlure envelope cted Wy
the ¥i1lam-Marnke theory, which was obtained in
the following manner,

A theory commonly witd ' representing the
fallure conditions of comcrete under mlttaxial
strets 1%atet Mes been propoted by Willam and
Marnke L6), which prescrides a confcal serface in
principal stress space with ceurved, parabeolic
meridisms ans & @eviateric cross-tection that M
an elliptics) variation batween the siutremes of 77
and TU conditions within a typtcel #0° sector.
The theery containing five perameters fs wsually
calidbratad with {nput i1aformetion from (1) wnt-
sxtal compressive strength, (2) equi-diaxia) com-
prestive streagth, (3) wnfaxial teasile strergth,
{4} shaar streagth in TC 4t high compressive
stress leve) and (5) shear strength in TE ot high
streng leval. 1n Phase | of the presant tast
srogrem, OAly shedr strength data alesg TC, TE ang
SS pathy were availadle. Using TC and TT wts in
the three deviatoric plames. the Willam-Varnke
aode) was calinrated (Epging, L1)). The parametsr
valwet chtaimy from the calibration sre showm fe
Figures & and 7. [t can be 1eea thet reqionadle
representation of the test data 13 obtained. The
congirison along the SS tast path provi s o
sesute of the acluracy of this mode!.

The strongth data from Phase | were o110 uted
te it the mose! proposed by Lade L7, while the
g2 ais-stratn data were fittad to the formuiation
prupoted by Gerstie 8). Wnidle reasomable tuccess
wss chtatmed in hoth efforts, the repder {3
referred to [gging L1 for {urther details.

Phase 2

Tha streagth resylts from the Phase 2 test
prograe are 1hown 1n Figures B and 9. The dats
poiats ia these figures represent the stress
1tatet ot which physical fatlure occurred. ln the
tensioa-compression tests, volume @€flatteom occure-
o6 throughout the tensfle portion of eech ttress
path, which precludes the use of the point of dis-
contimuity a1 o definition of failure,

Iln Figure 9, the tangion-compression results
are shown normalized with respect to DOth the uni-
axie) compratitve and tansile sirengtis in order
to thow the trend in the streagth behavior more
clearly. The most significent feature in Figure 9
ts the wall-defined inflaction point tn the
streagth eavelope. Although an Inflection point
has bean seen in past investigatioms om plaim con-
c.ete |[9,10), the rate of change in siope tn Fig-
ure 9 13 significantly graater than Mas ' oa seen
previoysly. An explanation for this s a s
next.

In direct tension, fatlurc of the FRC was the

resulit of the fibers pulling out of the ceacrete
matrix shortly aftar the matrix fatled. As @
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result, the tensile strength of the FRC was only
ten percent greater than that of an {dentical mix
of plain concrete. The application of a sasl)
transverse compre: sive stress, while dofng 1ittie
damage to the concrete mairix, increases the resi-
stance of the fibers to pullout by providing a
clamping farce. Therefore, at stress levels less
than approximately 40 percent of the uniaxial com-
1-238ive strength, the decrease in strength norm-
aiiy seen in plain concrete is offset by the in-
cr- - ' =esistance to pullout. In comparison, at
0.. .+#e uniaxial compressive strength, the
plain concrete strength was 25 percent less than
in unfaxial tension. At compressive strass levels
above 0.4, howcver, crack propagation s initiated
under the influence of the compressive stress.
Pre-enisting flaws at the fiber-matrix {nterface
will begin to extend and the pullout resistance is
quickly lost, resulting in a sharp drop in
strength which tends toward the strength of the
plain concrete as the compressive stress lavel is
increased.

In sumemary, the strength benefits afforded by
the addition of the fiber reinforcing are areatest
in biaxjal tension-compression situations where
the compressive stress is small in comparison to
the uniaxial compressive strength.
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Fig. i. Exploded View of Test Cell
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ABSTRACT

~

A viscoplasticity theory is dascribed in terms
of the meqn prassure and & new third invariant which
{nvolves a shifted stress tensor, The flow rule is
nonassociated with respect to the pressure, [I1lus-
trative results for Vimit states and stress paths
wre given for & variety of frictional “t"“j’?

\

INTRODUCTION '

The conventional theory of plasticity has a long
history of successful use in applications involving
metals. The theory is well-founded on a physical
and 2 mathematical basis with numerous applications
tc engineering problems through the use of computer
progrms. This wealth of expgirience and familiarity
has led to numerous attempts to apply the theory to
frictional wmaterials such as concrete, rock, soils,
ice, and snow. Although there is no fundamenta)
reason why the theory of plasticity should be
sppropriate for these materials, there are now
several formulations that prceide correct behavioral
characteristics. Unfortunately many of these rela-
tions are so complicated that their use is limited
to the simplest engineering applications. This pre-
sentation is the result of an sttemot to formulate a
mode! that captures essential response characteris-
tics without recourse to a large number of param-
eters or special conditiuns., The iatroduction of a
new third invariant leads to a plasticity theory
thet appedrs to be natura) for frictional materials
in the same sense that the von Mises formulastion
works so well for a wide class of metals.

LIMIT SURFACES

Limit surfaces for frictional msterials depend
on the first invariant of stress, or mean pressure,
and o0 2 measure of shear which cen be expresssd
through the second and third invariant< of stress.
The conventional approach has been to express 3
limit surface in terms of the mean pressury and the
second invariant of the stress deviator

A SIMPUIFIED VISCOPLASTIC THEORY FOR FRICTIOMAL MATERIALS

Howard L. Schreyar and James E. Bean

Mew Mexico Engineering Research Institute
Urfversity of New'Mexico
Albuguergue, MM, USA 87131
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with modifications provided by incorporating a
third invarisnt as dictated by experimenta) observe-
tions. Ladz and Dumcan [1] and Lade [2] have shown
tf a particuler form of the third invariant is used,
the second invariant is not required in the expres.
sion for a limit surface for at least particular
classes of solls and concrete. A modification of
their approach is proposed to utilize this feature,
which may hold for all frictional materials.

(n

With the use of a shift in stress, g, 2
convenient definition for a third invariant is

L= - [det (g - gg)+ det (g)]!"? (2)

in which the second term in the brackets is
included to make L equal to zero for a state of
zery stress. Analogous to the squire root that is
often used with the second invariant, a cube root
is introduced to provide the dimension of stress,

A limit point is the point on a prescribed
stress or strain path at which the state of stress
is stationary with respect to increments in strain,
1f such points for a variety of paths are plotted
in stress space, the result of interpolating between
the points is a limit surface {often calied a fail-
ure surface). A fit to limit points for concrete,
granite, marble, dense and loose sands, and clay is
postulated to be the line

L-LtP-us (3)

described with two parmmeters consisting of a limit

slope, Y[, and the intercept on the L-axis repre- *
sented by the shift stress, o, with the assump-

tion = g.]. The fits, mich we shown in

F!gurel?, are remarkably good considering the

elamentary formulation.
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‘ 0 — — FLOW SURFACES AND FLOW RULES
f G lor-ttrength concrate (o) « 1.9 Me), Ret. 3 For the development of a plasticity relation,
5 ¢ Mph-stremth concrete o, ¢ 1.7 W), et 4 the initial flow surface can be devaloped fH;l the

point of deviation from linearity on stressestrain
curves. Then this yleld surface can pe assumed to
evolve out to a limit surface to represent the
strain hardening phase of deformation. Strain soft-
ening can be obtained by letting the flow surface
collapse in a controlled manner,

Since the limit surface is conveniently repre~
sented by a line in a space involving the third
fnvariant, a flow surface of a similar nature can
be postulated as follows:

=Y oL - (4)

in which v is a strain-hardening function with the
rastriction v » v . A surface ¢ » 0 defines the
flow state. For stress states above this line,

¢ < 0, which represents an elastic state, and ¢ > 0
is not permitted.

A general hardening description is obtained by
aAllowing the flow surface to rotate toward the
Timit line, t.e., to let v descrease with scme mea-

400 v T T T sure ‘of inelastic strain to the velue v_. Then
with further deformation, the flow surface rotates
© Gramular rock, Mef. § back and this represents strain softening. The
® Nams marble, Rof. § representation of such behavior together with typi-
W00 - cal \oadlnwgu, in the P-L plane is shown in Fig-
ure 2. o
L Ll L]
8. Wydrestatic cupreoscion
. 8. Untaxie) cemressien
* 00F K €. Triamia) compressien
-~ ¢. Tedazval extemsten ’
- 2| o s10270) coprassron 4
?. Pure shadr
100 .
[} 2 -
Ve &u.n swrtace
] 1 L | i
() 100 200 300 0 S00 . i
P ()
0.4 T T T T T ° 1 L
& trwidtts clay, Mef. ¢ ' " ',' » .
o o o, . 1 o Figors 2. Stress patha and flow surfaces fn the Pt plass.
e.3F s ] To control the amount of dilatation a monasso-
6.6 ciated flow rule is adopted with the nonassocia-
! tivity related only to the mean pressurg. This is
i sccomplishad by using a potantial fumction similar
LA ] to the flow function but with the parameter v
. - replaced by another one, T*, where
; Yey+y, (5)
: v R 1  in which vy is a material constant,
i
8 [- B t.ll O{! l:l O.Al [N}
» ()
)

Figure 1. Linit curves for frictiomal materfels.
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Deformation results have been compared with
experimental data [7] for two matertals with vastly
different properties. One is a high-strength con-
crete that displays shear enhanced compaction and
considerable dilatation, The other s a porous
foundry core that simulates cemented sand. Vol-
umetric compaction up to 30 percent is exhibited
under unfaxia) strain and the shear sahancement is
considerable. A1l cf these characteristic features
are displayed by the constitutive mode! and the
quantitative comparison with experiments is good for
several stemss paths,

VISCOPLASTIC FORMULATION

Most frictiona! materials show a rate dependence
although specific experimenta) data are rare and
difficult to obtain [8]. Since these data were
obtained for a single path, there are essentially no
guide lines to assist in developing a three-dinen-
sional theory, It i¢ assumed that a reacunable
representation can be obtained by alluwing the
parsmater v to vary with inelastic strain rate in
addition to inelastic strain. Furthermore, the
refation is taken to be separable in strain and
strain rate with thz following form adopted for
ilustrative purposes:

A 1(1 - A tanh ‘—) (6)
’ ﬁo
in which vy denotes the parameter used for rate
effects, v is the rate independent value, A is an
aplification factor, ® denotes a measure of
ine2lstic strain rate, and ¥, {s a reference

strain rate.The result ts a theory that is robust
from 2 numerical point of view and that provides a
smooth dependence on two additional material param-
eters, A and ¥,.

Representative response curves have been
obtainad numerically for loose sand and are shown in
Figure 3 to 11lustrate the effects of these
pirmeters. These preliminary results indicate that
fits to existing data should be a relatively easy
matter which is desirable for analysts who use large
general purpose computer codes.
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ABSTRACT

Txpor!mts conductad on concrate subjected
to fmpact loadimg in uniaxial tension, uniaxtal
camprassion and in flexure, indicate that (1) the
strain offects in concrete are not isotropic, (2)
the stress-strain curvas becomes Jess non-linesr
with increasing strata rate and (3) the rate of
growth of intermal microcrecking decredses with in-
creasing stratn rate. A continuousdamsge model is
proposed to establish the constitutive relation-
ship of concrete. 7o irclude the affect of strain
rite on internal damape, an inertia) termm i in-
troduced in the damage avolution equation. The
damige is expressed as & tensor quantity. The
Hermhc!tz free energ)y function 1s expressed in
terms of both the invariants of strain tensors
and damage tensors. Equations predicted by tha
model are compared with the experimental NS\%

1. INTRODUCTION
It is widely accapted that the fallure of

« concreta ts brought about by the nucleation and

growth of a number of sicrgcracks. A review of ™
the dynamic test rosults #vailable for concrete
aiso indicate that the strain-rate effects ob-
sirved for concrete can be, to a large extent,
attributed to the rate dependence of this micro-
cracking process (1, 2]. It appears, therefore,
that the continuous Jalige thaory is a rational
choice for predicting the mechanical behavior of

‘concrete under both quasistatic and dynamic load-

L4

ing.
2 FORMULATION OF A COMSTITUTIVE WODEL

A vectorial representation is adopted for the
damage which is motivated by the plarar mature of
the microcracks in conctete. The dumage vector is
chosen to be normal to the plane of the crack fleld
and having & magnitude equal to the area density
of the cracks. A vectorial damage variable, in
contrast to 4 scalar damage variable, is also cap-
able of modeling the créck induced anisotropy ob-
served In concrets. Demage is treated as an in-
ternal state variable which influences the free
enargy of the material. For the preasent formuls-
tion the Helmholtz free energy function (y) is de-
fined in terms of the coupled invariants of dameQe
and strain as,

COMSTITUTIVE RELATIORS OF COMCAETE
SUBJECTED TO A VARYIHG STRAIN RATE

S. P. Shah
Professor of Civi) Engimeering

Nortiwestern University
Evanston, 111inois 6020!
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whare 1, u are the lamd paremeters, ., Is the
damage vector, €44 i3 the stress tmsér and p the

density of the material. The three paramters 1

which defime the iafluence of tha microcrecks on
the state of the matarial, are coasidersd to be
constants in the present formulation. The Super-
script o indicatas the possibility of the occur-
rence of more than one independent damage field.

This particular form of the free enargy func.
tion differed from the fors chosen by Davisom, L.
and Stevens, A, L. {3] by virtue of the power n
associated with the fourth teie. This tarm can
thus be of a different order in itratn and damage.
This provided far the odbtatrment of sn equilibrium
daaage contiguration from the frea energy function.

A consistent thermodynamic approach ylelds
the constitutive equatiocn,

¥

%yt e B:U (2)
and the damage evolution equation,
ok:q'ﬂ? (‘Un Yy iu.)‘o':'i'; (3)

where 9% 1s the stress tensor and k is the in-
inartia associfated with the aicrocrack growth [4].

g? should satisfy the entropy procuction in-
equality resuiting from the thermodmamic forma-
lisa and 1S cnosen as,

R
9? AT RN 0_1

(4)

(=]
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where " is the magnitude of v and \N and & are
constants,

Eqs. 1-4 cen be combined to yiald the stress-
strafn relations for a particular state of the
mterial. Due to the assumption of the planmer
mature of the microcracks howevar, the theor
appears to yield reliable results only for planer
problemt whare cloavape strains are smll enough
to keep the crack openings small. Also, since
friction is not yet considered, it is not possibie
to simulate blaxtal compression and strain soften-
ing.

3. COMPARISON WITH EXPERIMERTAL RESWATS

Instrumented impact tests on flexural beams
have been conducted by the suthors (1, 5, 6). To
obtain reliable mechanfcal properties with in-
strumented tests with brittle material such as con-
crete, it is necessary to reduce internal effects
{5]. Resylts of this continuing experimental in-
vestigation were compired with the theory.

The analytical and experimental momant vs.
strain curves at two strain rates are given in
Figure 1. It can be noticed that increasing the
strein-rate Ms no significent effact on the in-
ttial tangent modulus but results in decressing the
nonlinearity of the curves.

The analytical predictions for the strength
increase in tension, flexure and compression are
cospared with results obtainad by the authors and
other available results in Figure 2. Tha consti-
tutive mdel can ve observed to be successful in
predicting higher sirain-rate sensitivity in the
tensile mode a3 compired to the compression mode.

Figum 3 gives the variation of the apparent
Poisson's ratio (calculated et a strain corres-
ponding to the peak stress (under quasi statie
lozding) with strain-rate. This value exhibits an
increasing trend in tension and a decreasing trend
in compreision, as the strain-rate is increased.
Such trends conform with the available experti-
mantal results (2.

4. CONCLUSIONS

A censtitutive mode)l was developed for the
quasistatic and dynemic benavior of concrete, based
on the continuous damage aprroach. The constitu-
tive equations as we(l as the damage evolution
-equations were darivad consistently from tharso-
dynamic consideration, The mode) was calibrated
by the use of flexursl and comprassion test results
over a range of strain-rates. The mode! was also
found to be capable in predicting certain othar
phenomena of the dymaaic response of comcrete.
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ROCK/ELASTOMER CORPOSITES A3 IHPACT ARESISTANT WATERIALS

Willtem F. Anderson .

Alan J.

'

METRACT

Compositas cast from polywars, sock
aggregates and sand havh bean examined to detarwime
thelil reslistance to Pemetraiion by 7.62um dismeter
high valocity projectilas. The sffects of uaing
4ifforent poiywer and rock sggreQata Lypes have
been invesitgated, and the resultant comgositesr
optinised in tarws of cost effectiveness and
psmetration resigtance.

Optimization was carried out uising response
surface thaory .md variables considersd ware mix
popoIRions, rock aguregate particle sise and
polyser hardmess. Panetration tasts were cerried
out o optimined Compositas to determine the thaok-
oens raquired for a given confidence lewsl of
projectile containment

/,i

[

DPTRODUCT 1 OM

An laterest {n the protsction of buildings
and Other etructures apalinst mmall arws fire led
Gibbs and Prssoott (1) to undertake a limitad
experigantal atudy into the behaviour of dry grave!
armour which had been ueed in wire meah bames to
protect wehicles ogainst infantry fire during
Worid dar Il. Their tests showed that a
theorstical rpproach to £ind the optimum gravel
particle sime, using "billiard ball" theory, was
ot weild becauss of the high deyree of comminution
of tha gravel p.rticles. The effectiveness qf the
araour, however, was Hroven.

A Bajor predblem in using gravel ia contain-
aent of the satarial. A flexible Binder is
degirebla beceuse of the extansiwe fracture which
ocLurs Ln biitlle material an impact. ¥ence tiae
ides ezuves of using a cold curing rubbery polyasr
a8 the bindar. and 3 study has been carried out to
test tha effsctivermss of this type of rock/
slastomar cogcsitc and to oprlaise the mataerial
in terws of its impact rescistanca.

At 22 edrly stage it was realised that a
two phags mixture of elastomer and vock particles
would be wery esxpensive because of the large
parcantags voids which had to da filled with high
cost ~lastamer. HSence sand was included in the
Wix o act as & flller. The regulting compositse
wers uausutl beceauss of the relatively low

-
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elastic modulus of the BAtriR aaterisle. Mo
publisgied (nformation on the pehetration resist-
ance of thls type of coagouite material could be
found, although tharv waa comelideradble information

about penstzation inte homogenecus aad laysrod
materials (2, 3, & .

Deacriptions of psaetreti-an swthanice have
used the following approaches (i) empirical,
{al) ansussd force law, (i1} anelytirel and
(1v) numerical f(uaing computer codes!. In the
first two categQories the paramsters wuit be deiet-
ained froe panetration sxparimenta, sad applicucion
of the resultant forwuleae is .. vaiid in aay other
context. This is because tihw pareamatisrs arus not
dnfined axplicitly in terss uf tha conatitut.ve
propezties of the asdium and vrojectile character-
fstics. Lowever, such mmithods usually ohow good
results within thess bounde.

in the analytical approach, conatititive
and contiauua equations are used to deecride the
svant, and, ideally, are solvwed in & clowe) form
to produce predictions of deptr of pemmtration,
projactile decleration, etc. Rowaver, this type
of solution has not basn echisved without 3 high
dagree Of simplificetion.

Numearical approaches Are expenaive in tiss
and monay. Nowever, for situations using materials
with weli defined propertisscffazings high degree
of reproduceanility, their velue is apparmt

The latter two methodas fave only besa
dewsloped to the stage where thay can COCpe with
l.osogensous materials, posaibly in layers.
Betarogencus mAtarials such as concrots have bean
congidered, but have hesn t-sated as hoOSOGAnEOLS.
Qenerally, the projectile sims used have bwen
orders of magnitude larger than the concCrete
aguregats simse. In the ceas of the compositen i(n
this study, the aggregats Bide wes similsr or about
ons order of magnitude larger in tarms of mass
than the projectile. This msant that the
situation could not realistically be simplified
&35 homogenous Or laysred. Secause of thece
difficulties an experimenial, rather than
analytical, approsch waa adapted.




TEST MATRAIALS

The composites wers produced by eiring
varicuns proportirne of sand filler, rock agyregate
and clastomer.

Sand Filier

The sand filler reduced the amount of
elastomsr required to fill the void spsaces between
the rock aggregate particlies., The effect of the
sand particle size on penetretion resistance was
considared insignificant, vo Rone Il or Rone IIl
vaal as defined by British Ftandard 882 : Pert °
(5} was used in all compomites.

Rock aggregate

An advantage of the composites besing
ezeninad is that they are fairly economical
because locally availebls aggregatsas say be ueed,
To examing the (nfluence o aguregats type on the
penctration resigtance of the composite, U main
sr7ies Gf teprs were carriad out veing three
different aggregates: crushed limestone, crushed

4salt, and river qQravel.

The Crushed l.mesione was a finc grained
sedimentary vock, mid grey in colour and anguler
in shepe with ¢ significant edount of dust present.
The cruahed basalt was a fine grained olivirs
basalt, dark gruyish green in colour and angular
in shaps with 2 significant amount of duat present.
Koat of the dust in these crushed rock aggregates
was removed by sieving prior to aixing with the
sand filler and elastomar.

The river gravel wee predominataly quartaite
and quarta, with small proportions ot othear rock
types. The particlez of the preduminant rock typss
were rounded or frregular, but the minority rock
type particlea were of all shapes. Very little
dust was present, becausa of the aggregats's wode
of depos-tion frow woving water whych cerried avay
Uw fines.

The properties of these rock aggregatss as
defined in British Standard 812 (6) ere listed in
Tasle 1. Aleo includad in this Table arxe the
percantage voids for 27.5 ~ 17.5am ajgregats found
using JOOWs dia. x JOOmm high cylindricel moulds
as recommanded in the British Standard, and using
152aa cube mOulds similer to those used for
coaposits specimen preparation. -

Blastomer

To achieve & rulatively inexpanaive com-
posite which could be produced without special
curing facilities and have a satisfactory pene-
tration resistance uwithin, at most, twenty four
hours, it was ewsential to find an elastomay which
satisfied a nusber of criteria. Tha elastooer had
to be cammercially availeble in large quantitiea
at rwlatively low cost. Por eass of mlxing and
caating it had to haws & low viscoaity and a gol
time sufficiently long for castiog. Thereaftsr
it had to cure quickly at ambient tempersture.

Crushed | Crushed | Ry wr
Lizsatone | Basalt | Gravel

Oven dry specific

gravity 2.67 L. 05 .57
Aggreqgats crushing .
valus, \ 23 1?

—

AQgi egate impact

value, 23 1? 16
-

10V fines load (RN) 160 2% m
\ veids - compacted o | ose

3.8, cylinder teast

% vo.ds - uncompacted
2.8, cylinder test

3.0 49. 40 3.4

% volids - uncopspacted

152m) cuhe mould 52.1% 49. 4% 4. N

% vids - compacted

152em .ube would e LAY 19. 18
Tabla ]  Mock eggregate propecties

To act as a flexible binder st impact and during
penetration the elastamer had to ba elastic at
high rates of strain, It alac had to give &
coaposite with adequate mechanical properties for
large panole to be produced aw cladding material
or to form fres atanding units to a rsascnebie
height.

Initially a “ide rangn of cold cure thermo-
sstting polymers includiag apoxy reains, netural
and synthetic rubbers and polyursthenas ware
euamined. Nonhe of the sixteen polyusrs tested
initially satigfied all of the criteria listed for
the idedal elastomsr. Polyurathanes wers foumd to
satisfy mocat of the criteria and two polyurethanea,
a polyester polyursthane (Polymer A) and a bload
of two polysther polywrethanee (Polywsr B} ware
chosen for the saip investigation. By varying the
proportions of the polywmsr constitusats different
hardneases of cured elastomer could be achieved.

SPECINES PORPARATION

Single aize rock aggregate wws ussd i{n all
specimens and aftar sieving, the aggrsgate and
sand filler were oven dried. MKizing was carrijed
out uaing a mechanical bowl mimer. The elastomsr
constituents ware alxed for about ¢ seconds to
ansure complete bleading aad thea the rock
sggregats and aand filler wore added to the resin
and the aixing contisusd for a further ainuts.
The compoaite was oast ik laysss ia 152m8 concrete
cube moulde, each layer Maisg tampad (n &
consisteat ménacr. BMolymsr A oogposites could be
demculded 1Y hours after castimg and Polyesr »
composites 1 hxar after casting.




TRET MRIWOD

Test apecisens vith 1Sma square face and
varying thicknesses ware fixod in & tearget holder
which provided support ruund the tear perimetsr of
Lhe specimen but »ith minimal lateral re.traint.

Projechi.'an were either 7.6lam NATO uall
ANRUnition ‘meRs 9.)g vith lead alloy core) or
7.62me NATO Arwour Plercing asmunition (masa 9.6-
9.9 with hacdened steel core). Initislly both
types of ammunition were used. but fndicatiuvny
waty that ermour piercing projectiles penetrated
further than ball prejectiles, Armour plercing
project’les wery thetefore used in the fain teat
seljes and after the composites hed been aptimised
a subsidiary saries of tasta using ball amsunition
wat carried out on an optimaized cowponite to
confire the lower penetrations.

The projectilen were remotely firvd from a
fized pressure Fousing, boit and barrel arrangesent
20n from the target. A photodicde type velotity
mmasuting rig wan moynted !.5m in front of the
target and this allowed the prujectile veliocity to
be checked. MNean msasured velocity for ball
ampunition was 794 a/s and for armour piercing
ampunition 907 a/s.

After testing target specimens were
sectloned 4s shown {n Figure l(a). This enabled
the penetration depth of the projectiie to be
deternined and cthw penetration path length could
be calculated by taking coordinates as shown in
Figure i(b).

OPTINIZATION OF THE COMPOSITES

The funiameniel aik of the prolect was to
alnimine the target thicknes~ necesssry to resist
pertoration, whilst keeping the cure time and the
lapact damage to the compoaite te an acceptable
level. Thus the normal penetration depth, D, or
penetration path length, D', were considered am
Alternativyd fcr the design ciitearion. Inicially
the formm. .4s used but preliminary impac. tests
on composites showed that the penetration path
Tarely remained straight and normal to the impact
fece. The pervtretion Peln isugth waa thus of
wore significance in asssasing recistance than the
penetration drpth, and was therefors used as the
deeicgn criterion in the main series of tests.

In attempting to optimize the cor.osites in
tarne of thair pantration resistance .l ere was a
largs numher of independent voriabl =nich had to
ba coneidered for sach rock aggreq: a/elastamer
combination. Thase variables ar+ iisted in Table
2. It was decided to concentrstc the main test
programme un the four Primary quantitative (x)
varisbies at the top of Table 2, and to keep the
other secondary variables < aatant.

Norsally the optiwmization procedurs for
four variables would b carried VAt by heeping
three varisbles constant and varying the fourth.
This would be rep‘iLed for each of the primary
varisbles in tun.. Yhus sets of fitted equations

Linas for tow culs

trajectory

{a) 1SOMETRIC ELEVATION ON [MPACT FACE

(ng, yg)
‘-T&';————— i Cut thickness
I | N xe Ly ) IT
K “b"b’
ty J - 2

I i 4] i il_!..m

lmpat teajeciory

() PLAN ON SECTIONED SPECIMEN

Fig. 1  Target sactioning
Values in
Variable optimination
Programme

A polymar by waight in mix,x} [variable (7s+-17v)

+— -
 rock aggreqate by weight,x; [variable (440-64v)

A sana filler by weight in wmix!|variable (19%-4yv}

rock Aggregate,xy mm variable (9.5-172.5)

polymer hardness, x4 Shors A® |variable {60-8%)

specimen cure temparature, ©C |arbient

specimen test temperuvture, °C |ambient

age of spacimen, days 1 dav
ﬂ-
specimen thickneas, sm 152um

bullet velocity, a/s approx. 800 m/s

Table 2 Quantitative independent variables

8z




would be obtained, each in only one x variable. From
this stage, optimization can only he achieved by
examir .ng general trends and carrying out experis
ments on 3 trial and error hasis. This method may
require a very large number cof tests and the
inter-dependence of the variables may not be
appreciated.

These difficulties were cvcrcome by using
a statistical method known as respoiase surface
theorv, the general principles of which have been
described by Cochran and Cox (7). Details of the
application of this theory to the optimization of
rock/elastomer composites are given by Anderson
et al (8), «nd the mixes obtained from the
optimization procedures are given in Table 3.

THICKNESS TESTS

puring the optimization test series targets
which were expected to be sufficiently thick
(152mm) to prevent perforation we.e used, Very
occasionally perforation occusred when the worst
combination of primary variables was used, but no
perforations were recorded with optimum mixes,
wWhen each of the optimum mixes had been identified
it was necessary to determine the specimen thick-
ness, ty. which would contain the projectile with
a given degree of confidence.

protective capability Jf the composite.

Two confidence levels were examined for the

The first,

80-70t containment, was thought to be applicable
where the composite was to be used for protecting
an existing reasonably strong structure, e.g.

brickwork.

Most of the projectiles would be

contained, but thnse that were not would have their

kinetic energy greatly decreased.

The second

confidence level, 97.5-99%, was considered
sufficient where the compcsite was to be used
alone, or over a weak structure.

composites.

Using specimens of varying thickness of
optimjized composites it was possible to estimate
a thickness for each composite at which 80-90%
contajinment would be achieved.
on identical optimized specimens of this thickness
were then carried out to check the 80-90% con-
fidence level and to predict thickness for 97,5%-
99t confidence.
adjustment of the mixes obtaired from the main
optimization test series was required for the
Polymer B/basalt and Polymer B/limestone

Series of 20 tests

These tests showed that some

Details of these tests and the

various mix adjustmenets have been described by
Anderson et al (8), and the results of thickness
tests on all the final mixes arc summarised in

Table 4.

¥ polymer by % rock aggregate by Rock size Polymer
Polymer type Rock type weight weight (mrm) hardnesg
(rominal) {Shore A7)
*1 *2 3 *4
A River gravel 9 60 26.5 - 37.5 75
B River gravel 9.8 S9 26.5 ~ 371.5% 80
B Basalt 7 56 26.5 - 37,5 8¢
B Limestone 7 64 26.5 - 37.5 80
Table 3 Mixes obtained from optimigzation procedure
Polymer Rock type s Polymer $ rock Rock Polymer ty for ty for
type by weight aggregate size hardness 80-30% 97.5-99
Xy | by weight umm) {Shore A°) confidence confidence
X X3 - X, 1{mits - (mm) limits (mm)
A River 9 60 26.5 to 75 L o] 115
gravel 37.5
B River 9.8 59 26.5 to 8o 75 100
i gravel 37.5
3 Basalt 9 58 26.5 to 30 1lo 140
. 37,5 .
B Limestone 11 59 26.5 to 80 100 130
37.5
Table 4 Summary of results from thickness tests
88
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SUPPLEMENTARY TESTS

Target Temperature Effects

In practical use the composite may be
subjected to extremes of temperature and because
the elastower is very temperature sensitive, it
was felt prudent to examine the protective
capabilities of one of the optimized combinztiony
(river gruvei/Polymer B} at temperatures other
than ambient. Three series of twenty tests each
were carried out three days afier -asting on
identical specimens 80mm thick (B8u-90V confidence
level). 1In the first series specimens, after
curing, had been cwolcd in a freezer and the
average specimen temperature at testing was -7°c.
In the second series specimens were heated in an
oven after curing and tested at a mean temperature
of +34°C. The third meries of tests was carried
out on specisens cast, cured and tested at ambient
temperatuce (+15°C). The results of the tests
showed that higher than ambient temperatures tad
little effect on penetration resistance, but a
low terperature increased the resistance. This
increase in resistance was accompanied by incrensed
brittleness of the target with much greater damage
around the iwmpact zone.

Contact Explosive Tests

A limited series of tests was carried out to
examine the resiscance of rock/elastomer composites
to small explosive charges. Slabs 610mm x 610mm x
8omm of optiaum mix of the best composite (river
gravel/Polymer B) were cast and cured. Similar
slabs of concrete were cast with the same
propcrtions and size of r.ver gravel and sand as
in the compesite s)abs.

The slabs were placed on a steel sheet orn
the ground and a hemispherical charge of plastic
explosive was detonated centrally in contact with
the slabs. By trial and srror the minimum charge
required to defeat the slabs, i.e. cause
dirintegration, was determined.

The recults showed Clearly the superjor
performance of the composite over concrete. A 50g
charge caused only cratering of the composite slab
with no cracking, indicating a high tensile
resistance in the oowposite. A similar charge
detonated on a corcrete slak caused coaplete
disintegration of the slab. Concrete was defeated
by a 12.5g charge wheieas the Linizum charge
necessary tc defeat the composite was 150g.

COMMENTS

The tests showed that composites formed by
binding rock aggregate tocrther with an elastomeric
satrix were effective in siopping small arms fire.
The effectiveness of the composite depends on the
constituents and the best performances were found
with compcsites containing Polymer R. With all
composites the optinized matecizl centained the
largest size gravel (26.5~37.5mm) which could
easily be mixed with the resin and sand filler.

The aggregate type affects the penetration
resistance. In particular, the harder the rock
(as described by aggregate impact value) and the
denser the rock particle packing (described by
percentage voids), the greater will be the
composite resistance. A guide to the necessary
thickness of composgite for any rock aggrejate and
for any particular confidence level is given in
Table 5. 1t is suggested that the mix should
contain 100 by weight of Polymer B (hardness 80
Shove A°) , 60V rock aggregate of the laryest
available (up to 40sm maximum) and 308 sand. Rocks
with aggregate impact values greater than 25 should
not pe used.

Confidence | Pgqregate impact | Aggregate impact
level value between value less
25 and 15 than 15
80~ 1100 95mm
90V 120um 105mm
954 130mm 1150m i
97.5% 140um 1200
. 4
Yy9s 150ms 130ne

Table 5§ Suggested thickness of composite
containing untested rock aggregate

A major advantage of these composites is
their :arly resistance to penetration. The
material has sufficient cohesion for moulds to be
removi d after 1 - 14 hours. Silatic vompression,
bendir3 and creep tests indicated full strength
was achieved about eight hours after casting.
These static tests 3lso showed that the composite
was strong enough for 80mm thick panels up “~ 3m
square to be handled, or for the material t »
fres standing to a height of 10 metres.

The limited series of explosive tests
showed promising results and this aspect of
material behaviour should be further investigated.
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- ABSTRACT

The behaviour of steel fiber rein-
forced concrete slabs under impact loads
has been investigated. The results ob-
tained show that fracturirg and spal}ation
effects are reduced to a large exten® due
to high energy absorption and the incieas-
ed yield strength of this material. Crater
depths are comparable to those obtained
using normal concrete targets. Systematic
tests using different fiber types and
dimensions show thst the terminel ballistic
behaviour is strongly dependent on these
parameters,

INTRODUCTION

Concrete, as a wide spread and cheap
huilding material is also preferably used
for miiitary shelter constructions. For
this application its low yield strength and
its brittle behaviour are of great dis~
advantage. These material properties lead
to harmful spallation processes especially
at the interior of building coustructions.
Considerable damage might be caused, even
if ‘he ballistic limit thickness is not yet
over-ome. An essential improvement of the
protection proverties of concrete can be
expected, if a more plastic behaviour and
an increased yleld strength could be
achieved. An appropriate means can be the
mixing in of steel fibers. Many investi-
gations concerning the behaviour of such
fiber reinforced concrete under static
loads have been performed. They show, that
the application of steel fibers leads to a
moderate increase of the yield strength,
and to a considerable improvement of the
plasticity. Though this material seems to
be very promising also uvnder dynamic
loads, only few studies of :ts dynamic be-
haviour have been performed up to now.
Therefore an extensive experimental pro-
gram has been initiated at Ernst-Mach-In-
stitut with the objective to study the
behaviour of fiber rzinforced concrete
under dynamic loads and to optimize its
composition.

BLHAVIOUR OF FIBER REINFORCED CONCRETE SLABS
UNDER INMPACT LOADING

M. Hiilsewig, E. Schneider, A, Stilp

FErnst-Mach-Institut, Fceiburg, FRG
Terminal Ballistica and Impact Physics Division

EXPERIMENTS AND RESULTS

For preliminary tests plain, normally
reinforced and fiber reinforced concrete
slabs have been produced. They have been
impacted with steel aylinders (mass 50 g)
in the velocity range between about 400 -
700 m/8. A comparison of the damage phe-
nomena (Fig. 1) shows, that plates com-
pletely brae and show rear side spallat-
ion effects already at impact velocities
of about 400 m/s (Fig. 1,left). The nor-
mally reinforced plates not even brake at
impact velocities of more than 700 m/s
due to the high yield strength in the
direction of the plate plane, however,
rear side spallation is not suppressed
by means of the reinforcement (Fig. 1,
canter), Up to more than 600 m/s the
fiber reinforcement prevents fracture and
spallation processes (Fig. ', right). 1In
addition it has been found tha¢ the
fibers are of only minor influence on the
crater depths. These tests show, that
fiber reinforcement well suppresses da-
mage due to shock wave propagation. Bv
using several different types of {ibers
it became evident, that the fiber geo-
metry is of great influence on the ballis-
tic behaviour of this material,

Based on these resulcs, an experimen-
tal program for the optimization of steel
fiber reinforcement has been performed.

In these experiments the dependence of

the damage phenomena on fiber parameters
was investigated. For this, planar im-
pacts resulting in planar shock-wave

loads have been performed. The projectiles
were cylinders, made of fiber reinforced
concrete, with diameters of 9 cm and
thicknesses of 25 to 30 mm. Fiber para-
weters have been varied in the following
manner:

1) Variation of the fiber content

The increase of energy absorption
of concrete due to the fibers should be
proportional to the fiber content. The
influence of the fiber content on the




i

Vv = 423 m/s

v = 598 m/s

v = 633 m/s

Fig. 1 cComparison of different ccncrete types

reduction of braking and spallation pro-
esses can only be clarified experimentally.
Therefore a fiber type (0.4 x 25 mm) was
used, which was easy to mix in. The degree
of reinforcement was varied between O and
10 ¥ by weight in steps of 2 §.

2) variation of the fiber length at a
constant fiber diameter

The energy, which is needed to pull
out a fiber from the cement matrix is in-
creasing with increasing fiber leagth. The
force needed to pull out a fiber as well
as the extension length are both increasing
linearly with increasing fiber length, That
means, the work needed fcr a complete dis-
connection is projortional to the squaré
of the fiber length

J) variation of fiber length and diameter
at a constant L/D-ratio

It {3 not easy to predict the influ-
ence of the variation of these parameters,
since opposite effects have to be taken in-
to account.

a) An increase of the fiber length and dia-
beter leads to a decrease of the total sur-
face for a constant fiber content and there-
by the energy absorption is reduced.

b) See considevation to No. 2.

L2

Concerning the vaciation of the fiber
contents, it was found, that already a
weak degree of reinforcement of only 2 %
by weight leads to an effective suppress-
ion of braking and spallation. Only a
gradual improvement is achieved, if the
fiber content is increased up to 10 %. A
quantitative charaterization of the damage
phenocmena at the rear side of the plates
cannot be given due to extensive scatter-
ing of fracture data. Therefore, the
plates have been sectioned. A distinct
conical fragmentation zone can be cb-
served within the slabs, the volume of
which can be measured easily. This vo-
lume of highly fragmented target material
can serve as an integral gquantification
of the target damage,

In Fig. 2 the volume of this frag-
mentation zone is plotted versus the
projectile energy for different degrees
of reinforcemeat. The relation i{s roughly
linear, e.g. an approximately constant
portion of the kinetic projectile energy
is converted into fracture energy. The
fragmentation zonc is getting smaller
with increasing fiber contents.
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Fig, 2 Volume of fragmentaticn zone versus
impact energy for different dcgrees
of reinforcement
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Fig. 3 Volume of fragmen*ation zone versus
impact energy for different fiber
lengtls and conatant D

The variation of ctne fipcr length at
constant diameter shows, that a length in-
crease leads to a reduction of the frag-
‘sentation zone, too (see Fig. 3). The re-
sults obtained by varying fiber length and
diameter at a constant L/D ratio are shown
in Fig. 4. The fiber of medium dimsnsions
yields best results. The effectiveness of
the small fiber is reduced due to a small
stiffness and a bad adhesive strength. For
tne long fiber the mixing within the con-
crete is not sufficiently homogeneous and
a predominant orientation parallel to the
slab surface occurs. Considering all t-jte,
the fiber with L = 25 mm and D = 0.4 wm
was found tO yleld best results under
ballistic loads. It can easily be mixed in
up to relatively high degrees of reinforce-
ment .
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Fig. 4 Volume of fragmentation zone ver-
sus impact energy for different I
and D and constant L/D

SHOCK WAVE MEASUREMENT

Additional ballistic experiments have
been performed in order to measure the |
shock pressure profile within the target.
The experimental set up is shown in Fig.5.
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Fig. 5 Set-up for pressure measurement

A piezoresistive carbon gauge 'is mounted
between two concrete slabs oi 10 cm thick-
ness each, which have been glued together.
The gap between the plates where the car~
bocn gauge is located, is only some tenth
of a mm wide, that means the full pressure
peak cccurs at the gauge positior.. Fig. 6
shows a typical pressure signal feor an
irpacc velocity of 150 m/s. Since the
electrenic detection system wis triggered
at the time i projectile-target contact,
the oscillogram aiso reveals the propa-
gation time of the shock wave until it
reaches the gauge. It was 25 ps and is

o3




in good accordance with a wave propagation
velocity close to the velocity ol sound.
Within 2 or )} ps the pressure rises to

an ampiitude of 6.5 10° Pascal., The wiuth
of the pressure maximum {12 p3) cerres-
ponds to the duration of the pressure
phase at the projectile-target inter-
face.

Yig, 6 Pressure signal

CONCLUSTON

Fiber reintorced concrete has very
good properties with respect to dynamic
loads due to its high energy absorption
and a suppression of the rear side
spallation.
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ABSTRACT

Direct shear experfments on large prismacic
specimens of plain concrete were conducted in »
large capacity servo-contrnlled and structuraliv
stiff test apparatus in order to assras the pre-
dictive capabtlities of nonlinear computational
anilvsis techniques. The objective tn these expe-
rinerts was not to obtain material properties dut
rather to fnvestigate load-deformation response
behavior an? atrength characteristics of a mini-
structure subjected to the complen states of non-
proportional loading ‘impose’ by the direct shear
test. The specimens were losded to failure under
displacement control and constant norsal load.
The complete spectrum of structure as well as
material responses were observed including pre-
reak elastic-hardening p.astic, post-peak strength
strain-sofiening, and localizatiun of deformation
into a shear band and continued shear gliding at
a residual strength level,

”

INTRODUCTION

The direct shear translation test has in the
past often been used rather frivolously to eval-
uate basic strength properties as well as shear
stress~shear displacement response tehavior of
concrete and geomaterials. It has generally beeu
assused that the normal and shear stresses were
uniformly distributed on the imposed shear planc.
However, it 1s vell established that both strain
and stress dis:ridbutious within initially homogene-
oussclid test samples are highly nonunifowm durirng
the experiment . The magnitude of the principal
stresses varies nonproprtionally in the specimen
and the principal stress directions rotate vith
respact to the material fabric to unknown extents
during the shearing process, which in turn result
in pronounced stress or deformation induced aniso-
tropy. The oversll sauple response behavior there-
fore constitutes a combined response of a material
that undergoes brittle and ductile fracture in
tension and shear gliding. Proper material charac~
terization for the purpose of obtalming basic
engineering properties require homogensous strain
and stress states in the test specimen, and these
do not exist in the direct shear test. This test
is also highly sensitive to houndary conditions
and the manner with vhich a centric or non-centric

EXPERIMENTAL MODELTNG OF STRENGTH AND DEFORMATION BEHAVI(OR OF
CONCRETE 1IN DIRECT SHEAR

Stein Sture

Departsent of Civil, Environmental, and Architectural Engineerins,

University of (oloradr, Beulder, Colorado.

tangent{nl shear load is applied with respect to
the shear plane. Several authors have discussed the
merits cf the dircct shear test [1-4). The shear
test has bren found to be a valtuable tool for in-
vearigating reaidual strength characteristizs of
materials where shear bands or fracture gones al-
reudy exist. 1t has also seen successful use for
studying trterface behavior betucen sofls and
structural materials such as steel and concrete.
Th.4 aspect has been ~evieved bv ‘esai [5].

In view of these considerations it was decided
to adopt the direct shear test, not £s a test for

engineering properties, %ut as a minlature structvre

test vhere the boundary conditions can be carefvily
controlled and where complex ctates of tensile
cracking and shear fracture can be studied. The

direct sha:r structurq test cunstitutes a controlled

environment where the entire spectrus of the struc-
ture's and its material's responses can be followed
through the elastic, hardening plantic, fracture,
post-peak, stratn-nofrening, and residual strength
states. Investigations of britile and ductile
fracture transitions, progressive damage accumul-
ation and localization of defcrmation in mparrow
shear bands in conjunction with degrading stress-
starin or load-displacement relationships require
& very stadble test system.

The genercl objective in this research effort
tas been to cumpare the measured response behavior
to the computstiona: analysis predictions and to
evaluste the capadbility of the so-called smeared
fracture approah for describing progressive damage
and frictional sliding along narrow shear bands.
1f thir 1 achieved in the complex enviromment of

~.the direct shear test, it is asserted that theé

computational analysis algoritha can mode. almost
any three-dimensional boundary value problem
involving brittle and ductile materials. The pres-
ent paper covers apparatus description and the
experimental technique used in the prolect. The
computational aspects of this iaveatigation are
described in the ~ompsnion paper by Willam [6].

EXPERIMENTAL APPARATUS

The experiments vere conducted in the high
precision direct shear device shown in Fig. 1.
The apparatus consists of loading actustors, nwreal
and shear load reaction frames, normal and laterul




loading fistures shown in Fig, 7. The top and
botice shear box comp.ctwents shown {n Fig. 2
receive 20,3 x 20.) x 10.2 cx (8 x 8 x & {n,)
sasples of prismatic shape. In some instances
the apecimen width hat been as small as 10.2 cm
rather than 20.) cw. The notched and un-notched
specinens were fused to the shear box compart-
ments by means of structural apoxy and convent-
{onal sulphur capping compound. In order to mini-
aize a reactive mowent about the average shear
plane the shear Lox is positicued in the holding
fixtures and apparatus support system so that the
applied lateral shear load and restraining action
1te in the plans of induced shear fallure. The
top shear box compartment and holding fix. e
remain stationary in thez horizontal divection
during shearing, while vhey are allowed to trzns-
late vertically. This festure facilitates cherva-
tion of dilatancy. The resv.raining action in the
horizontal direction is provided by means of a
very stiff horizontal load support frame, which in
turn is connected to an extremely stiff structural
flieor bv means of heavy holts, The top holding
fixture together with the top shear box cowpart-
ment can also undergo small roll and pitch wove-
ments in addition to the verticsl translation.

2t preseat only one aversge vertical displacement
has been monitored by means of a Linear Variable
Differential Transformer (LVDT), It ix planned to
use three LVDTs at a later stage in order to de-
fine the rotational rovements of the tup portion
of the specimen during and after fracture. It is
also possible to lock the top entirely against
rotations as vell as vertical tianslation. The
latter can be achieved through displacement con-
trol of the vertical actuator. Servo-controlled
hydraulic NTS-actustors having 735 kN (165 kip)
capacity in the norsal direction and 156 kN (35
kap) fn the tangential direction werc uscd. The
bottowm shear box compartment and holding fixture
have shapes and stiffness properties that are
similar to the top components. The bottom shesr
holding fixture is supported by two rows of heavy
roller bearings wvhich allow trarslatory motion of
severa) centimeteri. The bottom holding fixture
is connected to the tangential load actuator by
means of a lavge and stiff load transfer block
(Fig, 2). The MTS control system ~an operate the
apbaratus under very slow or high displacement
rates. Dynamic tests of rock jointz subjected to
large normal stresses and large relative displace-
wments have been successfully conducted in this
device at frequencies ranging from nearly 0 to
10 Hzx., Figure ) shows a schematic i)lustration of
the VTS and appsratua control systes. The NIS
hydraulic actuators cperate independently in sena~
rate closed-loop control systems. The Series 20«
MTS actuitors are equipped with Serjes 252 servo-
valves; Series 661 fatigus-resistant load cells;
internal LVPTs; and swivel heads and bases. The
control console is equipped with the following
components: 430 digical tndicator, 236 control
unit, 410 digital function generator, and two 406
conutrollers, vhich are operated independently.
Prior to testing a selectior of force or displace-
ment control for each 406 controller must be made.
Once the mode of operation has been decided, the
proper feed-back signal provided by the internmal

LVDT or load cell., is compared with the input sig-
nal, If the signals are not equivalent. action is
taken by the servo-valve to equilibrate the two
signals. This is the basic feature of the closed-
loop system,

A Hewlett Fackard 3054 A Auttmatic Data Acqui~
sition/Control System controlled by a HP 9825 T
desk top cumputer was used as the primary control
and data acquisition aystem, The 3054 A avatem cou=
tains a HP 3437 A System high speed voltmeter and
a HP 3497 A Data unit scanner, The data collected
by the HP 3054 A syntem were transmitted to the
HP 9825 T computer and stored on tape. Real-time
observations of load-deformation and strength
behavior was recorded by means of an Esterline
Angus xvy' 540 plotter. The relative shear disp-
lacement vas measured by mesns of two SOOHR-DU
Schaevitz LViiTs whose i{eeler rods were inserted
fn"o the sar,le as depicted in Fig. 4. T' - 1LVDTs
were cunnected ‘n series.

EXPERIMENTAL TECHNIQUE AND: RESULTS

Notched and un-notched plein concrete prismatic
specimens having unconfined compressive strengths
(f') ranging from 26.2 MPa to 28 NPa and unconfined
tefisile strength (f') of 4.1 NPa were initially
subjected to nominal normal stress states that vav-
ied betveen 0.69 NPa and 6.9 MFa (100-1000 pst)
prior tc shearing. The latéral load was increazed
in displacement control at a constant rate of
0.05 =m/s.
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The notched and un-notc'ies specimena’ widths varled
between 1.2 om and 20.4 cm (4-8 in.), whereas
length: and heights vere maintained constant at
20,4 «aand 10.2 cm fa all tests. All specimens
vere swoeut to final nize fror over-size castings,
The exterior side faces of the specimers were ex-
posed for visual and photographic observation.
Shear displacement measurements were obtained by
IYI'Ts mounted on control rods embedded in the speci-
men through ports in the top and het’om shear box
rompartments. The spacing betveen the parallel rods
varied between 3.8 cm and 10.2 ca in the tests. On
wae occazion the rods penetrated into the tensile
fracture zone. Figures 4 a and b show the notched
and un-notched specimens vithin the shear box cow-
partments, The feeler-rods are shown in Fig. 4a.
The specimen oas notched at two opposite faces
vith 90 and 1.27 = (0.5 1n.) deep grooves in
order to induce high stress concentrations near

the ends. Figure 4a also shows the finite element
wesh idealizatior used in modeling the notch.d
specimen test.

Specimen faflure initiated dw to tensile
cracking rather than stear slip in both the notch-
ed and un-notched tests. This happened tefore
anv shear band formation. Crack openings wvere
visible before shear failure took place in the
center regime. Uracking alsc took place outside
the notches, and fracture propagation from the
notch surfaces onlv took place after significant
crack development. Proncunc-ad inclined cleavage
cracks later developed across the notched section.
In both specimen categeries the tensile stress
state wvas responsibdle for ultimate faflure, al-
though the nominal compressive stress on the
shear surface was much higher in the un-notched
case. Tensile cracking occurzed under verv small
relative displacements., while shear fracture and
subsequent gliding took place urder relatively
targe displacements. The shear fracture propagation
was rather slov in comparison with the tensile
cracking events., Figure S shows photographs of
the notchel specimen prior to and after faijure
and the exposed boiiom of the failed specimen
after test disassemdly,
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“Fig. § [continued] Fatlure behavior of notched
concrete specimen

No dedbonding was observed hetwveen specimens
and shear box compartmenta sfter the tests. Both
specimen categories exhibited nearly lipear
“elastic bdehavior before reaching peak strength,

The nonlinear shear stress-displacement response

is most pronvunced in the un-notched speciwen.
‘Upun continued shearing the lateral force decreas-
ed in both specimens until & residual strength
level wvas reached. The rate of softening and the
residual strength levels are quite different due
to the applied normal loads which were 143 kN fn
the un-notched case. which resulted {n & nominal
normal stress of 6.9 NPa (1000 psi), and 24.9 AN
in the notched case, which resulted in a nominal
normal stress of 0.69 MPa (100 psi). The residual
friction angle (6. ) in hoth casen wac found to he
35°, The stick-a1fp pattern on the shear stress-
shear displacement response curves shown in Figs.

6 and 7 indicates that shearing and crushing of
clasts are far wore pronounced for the high

conf inement un-notched specimen than for the lov
vonf inement notched specimen. The un-notched speci-
men was subjected to a smal) unloading-reloading
cvcle av spprox. 702 of peak strength and signi-
ficant permanent inelastic deformation was observed.
1t should also be noted that the relative displace-
ments vere recorded dy bhaving the LVDT messurement
rods 3.3 cm apart in the notched specimen test and
1C.2 cm apart in the un-notched specimen test.

The apparatus and test specimen configuration
was essentially stable throughout the shearing
process, although energy teleases in the post-pesk
strain-softening branch of the stress-displace-
ment response diagrams indicete rate increases.
Real-time xyv' plots of the events slso gave this
ifmpresvion. Navertheless, it is maintained rhat the
strain-softening branches in Figs. 6 and 7 repre-
sent true behavior of the concrete miniature
structure subjected to defined boundary condicions.
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Fig. & Shear stress-relative displacement
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Fig. 7 Shear stress-relative displacement
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CONCLUSIONS

It has been demonstrated that the direct shear
test may constitute a favorable environment for
evaluating load-displacement as well as nominal
shear stress-relative displacement response beha-
vior of small prismatic or other regularly shaped
miniature structures of concrete or geomaterials
for the purpose of calibracing computational analy-
sic procadures as well as constitutive models.

The prismatic divect shear specimen is subjected
to complex strcss states that vary throughout the
experiment. Issues related to tensile cracking and
shear gliding as well as their interactions can
te investigated an this test. The computational
considerations associated with these experiments
are described by Willam [6)].
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ABSTRACY

Yhe main purpose of this study s to assess
the current computational methods for predlctin?
the failure behavior of concrete and geomaterials
in the form o tensile cracking and frictional
siip. The paper concentrates on the pesk #nd
post-pesk response of plain concrete in shear
which 1is modeled by the Ssmearedt finite element
approach in which Yocalized failure zones are dis-
tributed over & finite material region with soft-
ening material properties. The computational
results are compared with experimental observa-
tions of plain concrete specimens which are tested
in the Yarge capacity servo-controlled direct
shear zpparatus described by S. Sture in the

companion paper
/INTRODUCTORY REMARKS

In view of the importance of ductility to
structural safety a comprehensive research project
was recently inftiated at UC, Boulder to examine
different forms of local material fatlure and
their effect on the response of the overall struc-
ture. The main purpose of this work is to scru-
tinize the value of the current computationd)
strategies to predict progressive material {instad-
flities withir the structure up to collapse of the
entire configuration. Consfderable criticism was
voiced in the past whether the so-called “smeared
approach” was capable to provide reliable predic-
tions of structural failure. This computational
strategy fs normally adopted because the complex
fracture process can be readily accomodated within
traditiunal procedures for nonlinear material
behavior in the form of an equivalent strafin soft-
ening model. In this way progressive materia)
damage may be accounted for in a conventional
finite element program in the form of an aversging
technique for highly localized deformations,
discrete cracks and shear bands within the
structure.

Clearly Yoca! material fatlure tmplies in
reality a change in the topology of the struc-
ture. Therefore, the alternative discrete frac-
ture approach incorporates these discontinuities
right from the beginning within the structural
idealization. However, in three-dimensiona) com-
ponents, the discrete fracture analysis fnvolves
definition of an {nitial fracture surface and
rahseguent propagation with continuous changes of

FINITE ELEMENT ANALYSIS OF COMCRETE FAILURE IN SHCAR

Jdames Cheistensen and Kaspar Willam

Department of Civil, Environmental and Architectural Enginecring
Unfversity of Colorado, Boulder, Co. BU3I09

the structural tapology which simply overtaxes
current computational facilities. Moreover, the
specification of the underlying criterla for
fracture initation and propagation as well as the
definition of prevalent interface conditions
introduce additional constitutive difficulties
simnflar to the softening formulation in the
smeared approach.

As 3 result of these controversial fssues it
is mandatory to scrutinfze the shortcomings and
Timitations of the smeared and discrete fatlure
models in the light of experimental evideace. To
this end plain concrete specimens were tested in
the large capacity dirvect shear apparatus which
was developed by S. Sture at the University of
Colorado, Bouldar [1) and which covers the full
spectrum of tensfle cracking and frictiona) slip
wmodes of failure. The direct shear specimen forms
in reality & structural configuration rather than
a material sample because of the non-uniform state
of stress resulting from the complex boundary
conditions as well as localized materfal fatlure.
In fact the servo-controllied test set-up
reproduces the stress transfer of highly
{ndeterminate structures and covers the entire
response regime including the post-peak behavior
down to the residual strength response.

RELATED RESEARCH

Due to rapidly increasing demands in computa-
tiona) mechanics and the.electronic revolution in
testing extensive research efforts are currently
devoted to investigate failure in three aress:

(1) nicromechanics of the underlying ductile
fracture process

(11) Constitutive modeling of the material
beh::ior for smeared and discrete failure
studies

(i11) Analysis-of structura) failure within the
smeared strength of materials and the
discrete fracture mechanics approach

For brevity only those contributions are
cited here which are of immedfate concern. The
direct shear test 1s probadbly the oldest and most
controversial experiment ever since 1t was adopted
by Coulomb to study shear in sofls. The under-
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lying morphology and mechanics of discontinufties
in the failure zone were examined among others by
Morgenstern an¢ Tchalenko {2} in overconsolidated
clays. In a recent paper Vallejo [3] recognized
that the development of shear bands {s the resyit
of diffecent crack discontinuities rather than
uniform frictional slip. In fact he claims that
the formation of crack discontinuities precludes
application of the Coulomb failure theory or
alternative continuum models. Based on 1inear
elastic fini.e element analysis of the direct
shear test Kutter [4] noticed previously that
tensile stresces remain insignificant for ratios
of norma) to tangential loading N/T >1. Moreover,
ke observed for the field of rock mechanics thst
the direct shecr experiment on salid jest samples
is really not meaningful since the directior of
initial slip surfaces does not coincide with the
enforced direction of failure. As a result the
direct shear test is certainly not the simple
material test originally intended and thus
requires a full stress analysis of the specimen
similar to realistic structural components.

Palmer and Rice [5] adopted a discrete frac-
ture mechanics 2pproach for modeling the behavior
of concentrated shear bznds in crder to interprete
strong size effects. On the computational front
Cleary and Dong presented recently a discrete
interface model for failure in geological mater-
ials [6] combining finite elements with a surface
integral tecnhnique considering the effect of a
statiorary shear band along a predetermined 2one
of weakness.

A fundamentally different approach was pur-
sued by Rice et al [7,8] wiho studied the localiza-
tion of deformation into a shear band in the form
of constitutive instabilities in homogeneous
deformations. Following the mathematical theory
of bifurcation and uniqueness due to Hill they
established conditions for material stability and
found » high sensitivity with regard to "normal-
ity" and rate effects. Along similar lines
Vardoulakis [9), Verweer [10] and Darve [11]
determined very recertly the critical orientation
of shear bards in simple test configurations. In
analogy to the linearized buckling analysis of
structures these material stability studies y{eld
the incipient failure mode for a homogeneous
deformation state. However, in this form they
provide no insight into the redistribution capa-
city and reserve strength of reaiistic structures
with slow contained propagation of material insta-
bilities within complex structural configurations.

~ On the computational front 1t is intriguing
that the first finite element studies of reinforc-
ed concrete structures followed the discrete crack
approach, see e.g. the state-of-the-art report in
ref. [12]. Recently, this methodology has been
newly interpreted in terms of the underlying frac-
ture mechanics concepts by Hillerborg et al [13].
Ingraffea et al [14] developed on thic basis a
discrete fracture analysis program for two-dimen-
sional applications with sophisticated interactiva
remeshing cepabilities. However, the buik of
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computationa) studies relied on the alternative
smeared failure approach. The essential short-
coming of this strategy was retrofitted only
recently by Bazant et al [15, 16] who adopted the
fracture energy concept in order to account for
stze and gradient effects. The strain softening
branch for tensile cracking depends in this case
on the mesh size in order to insure mesh-independ-
ent release of fracture energy as failure propa-
gates. For friction.l slip and the rixed modes of
failure a rational concept for simultineous soft-
ening of the cohesive and tensile strength values
is stil? missing and 15 therefore an immediate
objective of the current investigation.

COMPUTATIONAL STUDY

Preliminary results of the current research
were presented in ref [17] which contained a
detailed substructure ansdlysis of the entire shear
box. The purpose was to define appropriate bound-
ary conditions for the actual test specimen which
was sheared under displacement control in order to
capture the softening regime (reltative tangential
displacements between the upper and lower halves
0¢ the shear box}. Fig. 1 shows a typical finite
element tdealization of the entire shear box whick
ircludes the notched concrete specimen, the
capping compound, the steel box and the lozding
frame.

In the main portion of ref (177 experimental
data of the direct shear test were compared with
the finite element solution using the smeared
approach. 9ne principal outcome of this study was
that the direct shear test of concrete was in
reality a tension test for the ratio of normal to
tangential loading N/T = 1/6 at failure. More-
over, the shear test specimen behaved like a
structural component with considerable redistribu-
tfon capacity beca:se of contained material
instabilities due to the confinement of the shear
box. The Mohr-Coulomb mode! with tension cut-off
in Fig. 2 [18] reproduced fairly well the overal)
response behavior shown in Fig. 3 with material
parameters which were obtained from separate
material tests. As a result, the. direct shear
test could be utilfzed to verify the computationsz!
strategy for predicting structural response
behavior in the pre- and post- peak regime,
Clearly, the smeared approach did not model the
localization of deformation into the discontinuous
failure band shown in [17]. however, it was able
to capture the stress redistribution and the
propagation of material failure in the form of
tensile cracking and frictional slip within the
structure, see Figs. 4 and 5. Although the
fracture energy concept for tensile cracking
furnished a rational concept for strain softening
as function of mesh size it did not resolve the
fundamental short-comings with regard to
localization. Moreover, a comprehensive theory
for different fracture modes is still lacking, in
particular for mode #2 type shear failure which is
of primary interest in this context.

To this end a seriec of direct shear tests
are currently on the way which are described in
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the companion paper [1). For different N/T
Yoading ratios the cati-e fatlure spectrum is
covered from predominantly tensile cracking %o
frictional siip.

The study below shows computationa) results
for the second test series. The particular case
is examined in which the shear box is preloaded
with & constant vertical pressure of py = 1 ksi
which corresponds to a toad ratio of N/T « 1 at
failure. The idealization of the shear box {s
shown in Fig. 6 with 129 plane strain slements
interconnected by 1105 degrees of freedom. As
defore [17] the shear specimen as well as the
shear box are included in the fdealization in
order to ensure centric application of the tangen-
tia) force in the prevailing shearing plane. The
inftial test set-up was slightly modified to
accommodate test specimens of different width.

The actual sfze of the hexahedral specimen is in
this case L*H*W = 8.0 x 4.5 x 3.0 In, The con-
crete specimen is fastened to the stee! box with
an epoxy layer which assures full bond even on the
tenstle stde walls. The material properties were
deternined with a series of independent uniaxial
and trizxial concrete tests yielding the following
values

Elastic Stiffness: € = 3000 ksi
v =020

Strength Values: lé = 4,7 ksl
f; = 0.55 ksi

¢ =1.0 ksf and o = 40°

In the post-peak regime different softening
models are currently examined along the fracture
energy concept, wheredy brittle collapse and plas-
tic ylelding of the tensile, cohesive and
frictional strength values are limiting cases.
The resulting shear behavior of the brittle
strateqy is reproduced in Fig. 7 in terms of the
nominal shear stress on the prevailing shearing
plane and the relative tangential motion of the
Towsr steel box against the upper one. In this
case the residual strength values for tension and
cohesfon are instantaneously reduced to zero when
the stress path penetrates the fallure surface
while the residual friction angle is reduced to
¢p = M°.  The response curve clearly
l‘lustnus the effects of local materis)
instabilities in the form of oscillations before
the overall degradation of strength takes placé
down to the residual strength level due to
internal friction.

Fig. 8 shows the deformed mesh for the lo!d
point in the peak regime where 3¢ = 20.9 x 10°
in. Together with the plots of &lspllceunt
vectors and principal stresses in Figs. 9 and 10
this problem illustrates clearly the stress
redistribution tnto axia) thrust action between
the compressive side walls during progressive
shearing and the extent of localized deformations
in the specimen. In contrast t» the usual notion
of a horizontal shear band ir yeomsterials the
fatlure planes are in this case inclined paratlel

to tha direction of minor principal stress and a
horiznontal mode of frictional slip develops only
in the final state of shearing. As a result this
exsmple demonstrates some of the lim!tations and
capabilities of the smeared approach.

CONCLUDING REMARKS

The computational study clearly {1lustrates
the complex failure mechanisms of plain concrete
subjected to shear. As a result the direct shear
test 15 not a simple experiment for determining
the stiffness and strength characteristics of a
maierial, it is rather a structural configuration
in which considerable stress redistridutions take
piace in the pre- and post-peak regime. Within
limits the smeared approach models fairly well the
propagation of Toca) material instabilities due to
tensile cracking and frictional stip within the
structural configuration. However, it does not
reproduce the localization of diicontinuities
failure 20nes except for g continuous band of
failed elements with similar orientation of the
individua) fracture planes.
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SHAKING TABLE TESIS TO EVALUATE THE LIQUEFACTION
POTENTIAL OF NEAR SURFACE SATURATED SAND DEPOSITS
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The design and tmplementation of large-
scale testing equipment for Viquefaction
studies of near surface saturated sands {s
reported. The test results can be used to
deterrine materia) properties required for the
development of coastitutive relationships
capable of describing the behavior of satur-
ated sands during dynamic loading.

Specirens of saturated Ottawa sand 16.5 cm
by 15 cm by 122 cm were tested and measurements
of sample pore water pressyre and accelerations
taken during shaking. Results .f the Viquefac-
tion tests have shown that, although qualits-
tive agreement is achieved between the results
of this proc~am and those obtained in earlfer
investigations, the onset of liquefaction as
measured {n this study takes place at much
higher stress levels than previously reported

1

INTRODUCTION

The cyclic behavior of sofls has attracted
considerable attention and extensive research
over the last two decades, due mainly tc the
extensive damage observed in the Alaska and
Niigata earthquakes in 1964 (1), and tc thr more
recert findings on the detrimental effects of
blast-induced Yiquefaction {2). Liquefactio., as
the term is used in this report, describes the
complete loss of shearing strength of sands re-
sulting from an increase In pore water pressyre.
This increase in pore water pressure is produced
by vibratory loading under undrained conditions.
Cyc)ic shear stresses induce saturated sands to
compact, but compaction cannot occur under un- - -
dratined conditions, and this leads to a transfer
of part of the stress from the sand grains to
the interstitial pore water. Continued cycling
can lead to increasing pore water pressure up to
the level of the initia) confining prassure. The
resistance to liquefaction for sands has been
related tc many factors but has been found to be
primarily ¢ function of the relative density of
the saad, the initial effective confining pres-
sure and the intensity of vibration,

A complete tnvestigation of the behavior of
saturated sands under dynamic loading would uiti-
mately take the form of an analytical model based
on fundamental stress-strain relationship for

Shaun F. Mason
Willtam E. Wolfe

The Ohfo State University
Columbus, dhio

sand.  The formulation of such an analyticz! model
requires a basic understanding of the iquefaction
phenomenon, with a clear definttion of all factors
invelved, and an gccurate representstion of the
important sof! characteristics. However, since
there 1s relatively little field data availadle
on liquefaction, the materia) constants and co-
efficlents which are needed are deterwined from
laboratory tests. Therefore the accuracy and
applicadil ity of any analytical method can only
be determined by evaluating how accurately the
laboratory tests used to obtain the important soi?
properties actually simulate field conditions.

{n the early stages of laboratory resesrch
work on soil liquefaction, the standard triaxial
test apparatus was adapted for cyclic testin
since 1t was and sti!) rematins the most widely
used laboratory device for measuring strength,
While such tests are relatively easy to perform,
there are several features of the cyclic triaxta)
test which restrict the applicability of results
obtained from tests using the device. These fes-
tures include: stress concentrations introduced
by the sampie cap and base, vedistribution of
water content within samples, necking of samples
on the upward stroke, variation of the inter-
wediale principal stress, and rotation through a
full 90° of the major principal stress direction
during Toading. An fmprovement over the triaxia!
test 1s the cyclic simple shear test. In this de-
vice samples are horfzontally sheared in alternat-
ing directions by applying a sha.r stress to the
top and bottom faces of the sample. The simple
shear device clearly provides stress conditions in
the Yaboratory closer to stress conditivns in the
fleld. However, 1t also exhidbits certain undesir-
able features including: stress concentrations
around the central 2one of samples, complimentery
shears not being developad along vertical faces of
scwples, and re-orientacion of principal stress
directizng causing patches of high and low stress
along the top and base of samples.

Since the small-scale laboratory tests for
determining 1{quefaction potential share the
problem of close-in boundaies adversely affecting
sample behavior, the use of larger sam:les would
seem to be the best way of modeling “free field"
conditions in a sizeable volume of sand. Thus
large-scale tust.ng devices were introduced which
cou'd be mounted un a shaking table, and thus
provide an excellent means of applying the required
cyclic shear stresses to samples. Another advan-
tage with large-scale tests {s that small tranms-
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ducers can be placed inside samples to racord the
pore pressures, etc. without noticeably affecting
the sample behavior. Several investigations have
heen performed ysing large samples mounted on
shaking table; {ncluding programs at the Unlversity
of California (3) and at the University ot British
Cotumbia (4). In the tests verformed at the
University of Catifornia, Seed et al. subjected
samples to time varying motions on a shaking table.
Samples measured 90 inches Yong by 42 inches wide
4 inches high, and had sloped sides to avoid con-
tact with rigid boundaries. A steel-shot ballast
was ;leced over the sample to add mass and simu-
late 3 further 6 inches of sand, thus achieving
shear stress levels sufficient to liquefy the
samples. However this bailast was enclosed in a
rigle boundary on four sides, was separated fron
the sample by a membrane, and contained 2 waterial
of much higher density than the sand. The authors
belieye that this ballast did not effectively sim-
ulate a thicker Yayer of sand, but rather acted
as a “dead weight,* inducing faster buildup of
pore water pressures.

Thus the eain aim of the work reported
herein was to design a testing system which could
operate without the yse of a ballast, and could
apply either isotropic or geostatic (ko) confine-
ment to samples,

TEST APPARATUS

The basic criterion followed in designing
the apparatus used in the testing program des-
cribed below was to make an assessment of the
merits of previously used large-scale equipment,
attempting to improve upon their ability to sim-
ulate £ re field conditions, and to incorporate
newly deveioped winfaturized transducers. The
test chamber or "box* designed by the authors is
i1lustrated tn Figure 1 below.

Figure 1: Test Clamber mounted on Shaking Table
with iid removed.

Test specimens measyred 112 cm (48 inches) long by
15 cm {6 nches) wide by 16.5 cm (6.5 inches)
high, giving a length-to-height ratio in the order
of 10:1 as proposed by Arango and Seed (8) for
minimization of end effects. All parts of the
test chamber were made of aluminum to minimize the

total weight. Samples were buflt while supported
by retractable inner side walls, which after apply-
fng the confining pressure to the sample could be
drawr, back, enabling the specimens to deform free-
1y under shaking in plane strain conditions. Sey-
era) holes were drilled through these inner walls
allowing transmittal of confinfig fluid to the sam-
ple (see Figure 1). 1wo separate fiber reinforced
rubber membranes were used to seal the specimen,
one flat sheet to sea) the top of the sample from
the 1id and a long open rectangular bag-shaped
membrane to seal the base and sides of the sample.
Sealing the top of the sample separately from

the sides enable anisotropic confinment to be
applied 1f required. The ronfining fluld (water)
was supp!‘ed through inlet ports n the outer side
walls and lid of the chamber, and bleed iines were
provided at {he top of the side walls and 1id to
Tet out any trapped air. A dratnage line was in-
stalled in the base of the chamdber to allow consol-
idation of the sample under the stati. confining
pressure. This drainage port was sealed from the
confining fluid by screwing down the membrane into
the chamber base using a washer. Fixing the washer
around the drainage port then sealed the drainage
hole in the membrane. A thin mat of highly perm-
eable plastic material was glued to the lower
mewmbrane along the chamber bise to ensure uniform
sample drainage.

In crder to record the behavior of the sample
before and during 1iquefaction, instrumentation was
designed to measure sample pore water pressure,
sampie accelerations, table accelerations, and sam-
ple displacement relative to the chamber. The
table accelerations, pre-programmed using an MTS
electro-hydraulic controller-actuator, wire
recorded by an accelerometer which was permanently
mounted to the shaking table. A1l measurements of
sanple pore water pressures, displacesents and
accelerations were made in the middle third of the
sample length, as shown in Figure 2 below.
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Figure 2: Relative Positioning of Instruments
in Specimen

Accolerations of specimens were measured by two

minfature accelerometers placed at the one and two
third points ot the sample height. This position-
ing would indicate any variation in sample acceler-




ation as 2 function of depth as pore pressyres in-
creased and liquefaction inttisted. A linear varf-
able displacement transformer {L.V.0.T.) was mount-
ed on the side of the chember to meacure the dis-
placement of the simple at mid-height relative to
the chamber,

Based upar the assumption that the measurement
of pore water pressur-: in samples is the most im-
portant rucord for inuicating the onset of lique-
faction, a total of six transducers were used to
monitor the dynamic pore pressures. The trans
ducers were placed as shown fin Figure 2. The
pore pressure transducers were modified so that
sasple pore pressures could be measured
without placing the transducers in the sample.
This was achieved by sealing a flexibla six inch
needle in the pressure sensitive port of each
transtucers, and then feeding the needle through
the chamber wall and mambrane into the center of
the sample. The needles were sealed at the chaaber
wall and membrane using a silicon rubber sealant.
Thus pore water pressures were measured in the
sample at the point of 3 needle and transaitted
to the transducers outside the chamder. A1l the
data measured by the instruments durin) tests was
recorded an! stored digitally for nalysis at a
later time,

TEST PROCEDURES

A uniform Ottiwa sand (Cu=!.18) was used for
all test: carried out on the shaking table. The
cand was saturated by boiling under a vacuum using
de-aired water. The sand was then plecea into the
specimen chambar under water in layers at zero
drop hefght. The minfature accelerometers were
placed by hand and gently covered over with fur-
ther layers, making sure not to displace the
sensitive axis off the “worizontal isro-reading
rosition. Extry care had to be taken in keeping
atr out of the s nd when pi.cing the final layers
2f sand as there was only adout a Yyinch of water
above tL~ C'nished sucface of the samples. A
roller devoce which could he moved along the
chamher walls wes used to smooth off the sample
surfaie 3t the corract height.

Navisg rrepared the sample, the top membrane
was praced over the sample syrface as shown in
Figuse 3, an4 te 1id bolted down *9 seal (he
sawpl - and wnfining fluid. Refore running a test
the samp.c saturat’on was neasures by increasing
the contintrc pressure applied to the sample in
steps, taking measurevents of the sample pore
water pressure eath :t.p. Unce the confining
pressure was applied, the inner walls could bde
draw: back to leave the sample free standing.

With ' 2 desired total confining pressure applied
to tne sample, the required effective confining
pressure was produced by allowing water to drain
from the sample, reducing the sample back pressure.
Tota) confirement in tests was limited to 5 p.s.i.,
with effective confining pressures ranging from
3% p.s.t. to about 2 p.s.i. AVl tests were run
at a frequency of 10 Hz. with accelerations in the
order of 1 g. Each samnle was vibrated for 150
seconds and a1l the necessary data recorded.

After each test the 1id and top membrane were

removed to examine the liquefied semples.

Sealing of top membrane over sample
suface

PRESENTATION OF RESULTS

Figure 3:

The results of tests oerforrad on three sam.

ples of saturated sand are presented. The dats
for each sample are given tn Table ),
!fuple nr ] n‘psl % /oy ”L

] s6 (1.0 12.0 {1.20 {0.274 {1530
[ 2 6 :0.99 1.5 !i.24 |0.378 | 304
| 3 54 ll.o 0.75 11.27 0.666 85

Yable ). Sample test dats

Mheie: Dy is the relative density in percent; B 1s
Skempton's pore pressurce parameter; X is peak hort-
zonte? 4cueieration; g 15 acceleration due to grav-
fty; v is shear stress on a horizontal plane: o, 1s
initial cffective confining pressure; Ny is the -
number of applied str ss cycles to reach liquefac-
tion

Figure & presents results of the pore pressure
response for ample 2 at three different times dur-
ing base excitation. [t can be seen that when the
pore pressure time history s <:perimposed on the
on the sample acceleration time history. that doth
records are harwonic, and that accelerations are
Jeading pore pressure. Pesk pore pressures are
react.ed at 2ero horizontal acceleration, i.e. when
shear streises '~ the sample are 2ero.  The in-
crease in the mean pore water pressure as a func-
tion of number of stre;s cycles S shown for Sam-
ple 2 in Fiqure 5. 1n this figure St can be seen
that the rate of pore pressure increase is fairly
uniform for the majorisy of the test, However,
when the ratio of induced pore pressure to confin-
ing pressure reaches approximstely 0.7, there is »
sharp rise in the rate of pore preisure increa.d
which leads to liquefaction in few pdditionat
cycles.

9




[T (L )
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Sample #2.
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Fiqure 5: Porc water pressure response,
i Sample #2, Dr = 56%,

Neither the pore water pressure transducers
nor the accelerometers located in the saaple indi-
cated any variation in the weasured values as a
function of Tocation of the instrument during any
of the tests conducted. The results of the pro-
gram reported herein can best be compared with dats
obtained from other investigations by normalizing
the cyclic shear stress with respect to the initil
sean confining pressure, In Figure 6 are shown the
results of this study compared with those presented
by De Alba et. al {3).
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Figure 6: Comparison of Test Results with dats
from De Albs et. al {3).

CONCLUS1ONS

A new liquefaction device has been deveioped
at The Ohio State University for Laboratory
shaking table testing of san¢ samples. This equip-
ment provides control over the main factors which
affect the behavior of sand under dymamic load-

ing. The test conditions created are thought to
give a closer representation of actual field con-
ditions thar has scme equipment used tn previous’
investigations., The tests described herein have
provided prw information on liquefaction potentia’,
While test results agree qualitatively with pre-
vious fnvestigations, they do indicate a higher
resistance to Yiquefaction than that inc¢icated by
other researchers.

It s felt that the primary reason for the
difference in quantitative results presented in
this paper and those of De Alba et. al. is the geo-
metry of De Alba's testing device wheve boundary
conditions might have caused a mure ripid increase
in pore water pressure than would be expected un-
der field conditions, Therefore curvent practice
which consists of modifying the results of standard
laboratory tests to make them consistent with the
"more realistic® large sample shaking table tests
may result in underestimating resistance to faflure
by liquefaction. A comparison should be made with
the liguefaction behavior ¢f sands predicted by an-
alytical methods under similar conditions to assess
the applicability of the results obtained in tests.
Future tests should include more locations where
pore pressures are measured in order to better de-
termine whether or not ppre pressure increase actu-
ally is yniform throughout the sample as these
tests indicate. 1t is further recommended that ad-
ditional tests be performed on a variety of sample
types under both tsotropic and anisotropic stress
canditions in order to substantiate the results of
the inftia) tests presented herein.
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ABSTRACY

‘A demped single degree-of-freedom model was
developed %o represent the gross dynamic behavior
of shallow buried reinforced concrete arches
subjected to specified nonuniform pressure
distributions, Structural parameters were
developed for a generic structure based upon
available information in the Viterature and first
principal calculations. values of maximum crown
deflection, calculated from numerical irtegration
of the .ifferential equation of motion, vere
compared with similar results from field
experiments. Results utilizing structural
parameters selected on this basis of the
recommendaticns in this study provide the best
agreement,

INTRODUCTION

The objective of this study was to develop 2

" single degree-of-freedom mode) capable of

representing the gross dynyni- behavior of
shallow duried rein‘an o1 concrete sewi-circular
arches subjected to sp~c fied fnput loadings
resulting from the apliation of superseismic
afrblast loadings st the g-ound surface.

Emphasis was placed on Yarge deformation behmavior
approaching collzpse. The sofl was assumed to be
dry and cohesionless.

BASIC THMEORY

In order to analyz> » shallow buriec
structure, it is necessary to know the {nput load
to the structure, The {nput load is aat simply 2
function of the overpressure applied at the
ground surface, It is also related to the
flexidility of the structure, the characteristics
of the soil type, and perhaps the depth of
burial, Determination of the input load for an
arbitrary loading function at the ground surface
ts beyond the scope of this study.

Crawford, et al. (1974) suggest that the
general form of the nonuniform pressure
distridbution shown n Figure | s representative
of a large myjority of the actual loads
encountered in the analysis of hardened buried
cylinders. Their analysis for cylinders is

directly apnlicadble to fixed somi-circular arches.

ARALYSIS OF BURIED REINFORCED CONCRETE ARCH STRUCTURES UNDER DYNAMIC LOADS

Marry E. Auld and Milliam C. Dets

BEST AVAILABLE COPY

ro-qtb'cos b}
\,

Figure 1.

Circrlar Ring Subjected to
Nonuniform External Pressure

They give the following results for the tnterual
thrust (N), shear (V), and bending moment (M)
resulting from the pressure gistribution shown in

Figure 1
N‘--qR oé'}cos K (1)
!
V. .-2p sin2e ) !
. 3 .
LR ﬁg. ¢3S e (3)
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where g is the magnitude of the uniform component
and § is the maximum amplitude of the nonuniform
component of applied external pressure. In this
formulation the total nonuniform pressure
distribution, Py, is given by

Po=a* P cos 79 (4)

Crawford, et al. (1974) also indicate that
the elastic seflection of a perfectly round ring
subjected to the nonuniform pressure distribution
of Figure 1 can be approximated by

R (
8o = EFT cos 2o 5)

SINGLE DEGREE-~OQF-FREEDOM MODEL

The maximum crown deflection relative to the
support motion, &c, is chosen as the single
parameter representative of the general arch
response. The dynamic¢ nonuniform, but symmetric,
pressure distribution specified by Equation 4 is
assumed to obtain and the first symmetric
flexural mode shown in Figure 2 is assumed to
govern,

Figure 2. Theoretical First Symmetric
Flexural Mode

A viscously damped single degree-of-freedcn
system can be utilized to represent the s:ecified
conditions. The response of this systam is
defined by the following diflerential equation of
motion:

ME + 28 VM S+ R(s) = Blt) (6)

where M is the effective mass, & is the damping
ratio or fraction of critical damping, k is the
stiffness and R{&c) is a generalized resistance
function,

Solutions can be readily obtained for
Equztion 6 through the vse of standard numerical
integraticn techniques if the system parameters
and the time varying maximum amplitude of the
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nonuniform canponent of the applied external
pressure are known. For the purposes of this
study an assumed p(t) will pe utilized. This
function can be obtained experimentally from
interface pressure measurements in a dynamic
structural test. Equation 4 indicates that
P=q+ D at the crown and P = q at

@ = * 45 degrees., Thus, interface pressure
measurements at these locations completely define
the two parameters of the assumed nonuniform
pressure distribution function.

STRUCTURAL PARAMETERS

The structural parameters from Equatiun 6
which require specification are 8, M, R{&¢),
and k. These parameters are developed for a
generic semi-circular reinforced concrete arch
with the haunches rigidly connected to the
floor, The assumed dimensions and material
properties are as follows:

Radius, R = 47.2 in

Haunck thi kness, t = 6.3 in

Depth of ..ver at the crown = 23.5 in

Dense dry cohesionless soil _

Concrete strength, fg. = 4500 1b/inc

Reinforcement steel yield strength, fy =
60,00 1b/in2

Steel percentage, p = 1.45, each face

Depth of steel cover = 1.165 in, each face

Sufficient shear reinforcement is provided
to preclude shear failure.

Higgins, et al. (1981) presents results from
extensive dynamic soil-structure interaction
experiments on test structures resembling scale
models of nuclear containment vessels. The
reinforced concrete test structures were embedded
in dry cohesionless soil from 25 to 200 percent
of their height and were subjected to explosively
induced ground motions which simulate the strong
earthquake excitation of full-scale systems
{structural accelerations in the 1 to 10 g
range), They observed that damping was uniformly
high, typically 10 to 20 percent of critical
damping, at the high displacements corresponding
to strong motion earthquake resnonse. They
further observed that damping typically increased
with response level. Based upon this
information, the large displacement interaction
associated with shallow buried arches loaged
close to failure should be highly dissipative
with a damping ratio of 20 percent or more.

The effective mass of the shallow buried
arch system can be developed utilizing energy
considerations. Crawford, et a). (1974) indicate
that a single load-mass transformation factor can
be utilized to convert a distributed mass system
into an undamped single degree-of-freedom model.
They indicate that the value of the load-mass
transformation factor ranges from 0.66 for a
uniformly distributed load to 0.33 for a single
concentrated midpoint load on a beam of uniform
mass loaded plasticaily. The system under
consideration consists of a uniform circular




tean, with nonunfform depth of soil cover and
spatially varying load, The amount of soil which
should be included in the analysis is not known,
but the full amount is commonly utilized for the
analysis of shallow buried structures. A
detailed analysis is not considered appropriate
because of the large uncertainties associated
with the formulation, A load-mass trinsformation
factor of 0.5 is probably adequate for our
purposes. Utilizing this value, ar equivalent
mass equal to 0.0045 1b-s2/ind is obtained

for the rombined mass of the reinforced concrete
section and the average value of the soi! cover
for an assumed straight beam extending from ¢
equal & 45 degrees.

The resistance function can be derived from
one of two possible approaches: evaluation of
available experimenta) data or fundamental
analysis of the reirforced concrete
cross-sectfon. Axial loads contribute
stqnificantly ro the maximym resistance anc
beam-column theory is appropriate for calculating
this value.

Meyer and Flathau (1967) present
experimenta! data for the response of
unreinforced concrete fixed semi-ci~cular arches
buried in dry sand. Their data generally support
the assumptions made fn this study with regard to
load distribution and general arch response.
figure 3 presents measured load versus crown
deflection curves for static tests on arches with
R/t values of 3, 6, and 12,
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Figure 3. Static Surface Load Versus Crown
- ?eg;t):tion After Meyer and Flathau
1967).

It should be noted that the load in this figure
is the uniformly applied surface pressure rather
than the maximum amplitude of the nonuniform
component of the external pressure applied to the
arch. It appears that the surface load versus
crown deflection curves are generally parabolic in
shape and that they are a linear function of

R/t. The surface load versus crown deflection
curve developed for R/t equals 7.5 (the value of
the generic arch under consideration) is given by

F e~ 10,000 (s - 0.18)7 + 324, loyin?
for 0< 5. € 9.18 in (7)

Assuming that the uncracked moment of inertia is
applicable because of the presence of the large
axial thrust and that Equatfon 5 remains
applicable at large deflections, I is found to be
2qual to 26 lb/in¢ for the generic section at a
crown deflection of 0.18 in, This value
corresponds to a surface overpressure of

324 1b/in. Because the response is well

outside the elastic range the calculated value of
7 may be low by a factor of 2 or more,

Utilizing beam-column theory for rainforced
ceacrete sections, see any standard text, the
u1timate bending moment and thrust at the balance
point for the generic section are found to be
approximately 35,400 in Ib/in and 11,800 1b/in,
respectively, when the static strengths of both
the steel and concrete are increased bv
approximately 20 percent to account for the
influence of dynasic loading. Assuming that the
section will try to respond at the balance point
and that Equations 1, 2, and 4 are applicable,
values of P equal to 48 b/ind, o equal to 265
Ih/inZ, and P equal to 313 1b/in? are
obtained,

Anderson, et al, (1966) suggest that the

crown deflection at ultimate load for a concréte
fallure strain of 0.003 caa be calculated from

R(fIIEs)

(8)
(33.1)
(o 87,000

(‘c)ult - 1

Utilizing the above results for b and q, a value
of 0.12 in s calculated from Equation 8 for the
generic arch, The calcylated values of

(8c)ylt and P are seen to be on the same

order as the previously presented experimental
data of 0.18 in and 324 1b/in?, respectively.
Utilization of an increased values of the
concrete failure strain would further improve the
agreement.
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Park and Pauly (197%) recommend utilizing an

idealized elastic-plastic approximation to the
moment-curvature curve for a reinforced concrete
section. Moment-curvature can be converted to
load-deflection through the use of Equations 3
and 6. A proposed idealized elastic-plastic
approximation to the load-deflection curve is
shown in Figure 4.

Membrane
Action

| Rue }:’

¢ 15 1b/ind/in

3

2

2 k k

o

Crown ieflection, sc

Figure 4. Idealized Elasto-Plastic Approximation
to Resistance Function

Ryit and k can be arbitrarily defined. The
slope of 15 1b/ind/in is included to represent
membrane action which comes into play at very
large displacements, The load-unload siope is
arbitrarily dofined to agree with the initial
slope.

The following values of the structural
parameters have bheen selected to best represent
the aeneric structure under consideration:

e = 20 percent

N = 0.0045 1b-52/in3

Ry1t = 46 1b/in?

k = 5i1 1b/ind

SENSITIVITY STUDY

A sensitivity study was run for Equation 6
varying three of the four st-uctural parameters,
i.e., 8, Ryyz, and M. Figure 5 presents a
typical curve for the time variation of the
maximum amplitude of the nonuniform component of
external pressure, Plt),

+6000

+4000}

+2000;

T

Intarface Pressure {p), Ib/in2

-2000

0 0.002 0,004 0.006 0.008 0.010
Time, s

Figure 5. Typical p(t) Curve

This loading function was utilized for all of the
calculations in the sensitivity analysis.
Haltiwarger and Hall (1279) have shown in a
similar study of a shallow buried box structure
that the solution of Equation 6 is most sensitive
to the assumed loading function. Therefore, this
study does not vary the most important, and
possibly the least known, of the various
parameters involved.

Table 1 presents the results of the
sensitivity analysis calculations.

TABLE 1
SENSITIVITY STUDY RESULTS
R r 5
Calculation] "ult M Bl k 4
Number  {1b/in% | 1b-s%/in3] % bsin? | in
1 a6 0.0014 | 0| 511 |26.8
2 a6 0.00i4 |10| 511 |13.3
3 a6 0.0014 {20 511 | 8.7
a a6 0.0014- |30 | 511 | 6.4
5 a6 0.0021 {20 511 | 6.9
6 a6 -1 0.0085 |20] 511 | 4.6
7 92 0.0018 |20} 511 | 8.1
8 97 0.0021 |20 511 | 6.4

These calculations indicate that the crown
deflection is relativeiy insensitive to the value
selected for Ryjt. The response bacomes less
sensitive to t:e value of g in the 20 to 30
percent range and is most sensitive to the value
selected for M,

Betz (1983) has calculated the crown
daflections for several generic arches which were
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subjected to a loading function similar to that
shown in Fiqure 5. These results indicate that
the relative croen deflections were on the order
of 5 in or Jess. 1t is interesting to note that
calculation number 6 utilizing the recommenood
values of the structural parameters gives the
best agreement with this result.
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THE USE OF COMPENDIA, DESIGN MANUALS, AND REFFRENCE TEXTS IN PREDICTION
CF NONNUCLEAR WEAPONS EFFECTS

W. F, Baker

Southwest Research Institute

ABSTRACT

The literature on nonnuclear weapons effects
dates from the 16th century, is extensive, is widely
scattered, and includes many classified references.
This diffusion presents problems to both neophytes
and experts in this field -- the neophyte can be
overvhelmed by the volume of the litevature, and
unable tc choose between conflicting references ox
prediction methcds; while the “expert™ 'may be expert
in only a narrow specialty in weapons effects, and
not truly conversant with other specialties. So,

a limited library of broad references on the sympo-
sim toplc can be very useful.

The broad references include compendia, design
manuals and general reference texts, They give
rather broad coverage, but the topics covered, depth
of coverage, and accuracy and depth of reference to
the literature vary considerably between the refer-
eaces. The paper will discuss the coverage of each
cited general reference, will note the depth or lack
of depth of literature reference, and will also give
a brief evaluation of the reference;

INTRODUCTION

Nonnuclear weapons effects include at least the
effects on a wide variety of targets of: explosions
and shock waves in air, wster and the ground; im-~
pacts of penetrating projectiles and fragments;
penetration by high-speed jets; incendiaries; smokes;
and a variety of chemical agents. The spectrum of
past, present and future weapons is very broad.

The spectrum of "targets" is also very brosd., Weap-
onry is an ancient discipline, and is also highly
nationalistic. All of these factors combine to
render the literature on the symposium topic volumi-
nous, secretive and very diffuse.

If you are a neophyte to weapons effects, you
can easily be overwhelwmed by the extensive }itera-
ture, and inconvenienced by the security classifi-
cation of some of it. Even 1f you have been working
in this field for many years, you may be rather
unavare of some types of weapons effects, and are
also inconvenien-ed by security restrictions.

We have found over the years that your work
can be somevhat eased by using a limited basic
library of unclassiried references which contain use-
ful tectnical discussions, data bases and/or analy-
gis and predicticon methods for a variety of wespons
effects. Some of these broad references are obvi-
ous and vell-known; others are not. We have found
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some to be much more usefu' -4an cthers. Some have
been quickly outdated, whi - sthers retain remark-
able ysefulness after many ,cars.

This paper presents the author's suggestions
for a limited library of broad refevences which
can be useful in describing and evaluating nonnu-
clear weapons effects. Omnly unclassified references
are included in the list., All were at one time
easy for anyone to acquire, but some may now be
quite difficult to get, We review in this paper
only references in English.

The broad references are divided into three
categories, i.e., compendiz, design manuals and
reference texts. They are discussed in that order.
For each reference, ve identify it, and then
briefly discuss those contents relating to weapons
effects. Depth of literature coverage is noted, as
are strengths or shortcomings. Usually, the dis-
cussion is the author's, but in some instances,
reviews by others are substituted. When tnis is
done, the review is in quotes, and the name of the
reviever is included.

The paper includes a brief closure, which
inclydes some discussion on availabilivy of these
references,

DISCUSSION OF COMPENDIA

Because compendia usually consist of groups of
papers or chapters by different authors, the
adequacy of coverage of specific toplcs tends tc
vary considerably from chapter to chapter. B8ut,
there are some excepticns to this rule in our list,
as noted.

White,-M.-T. (%ditor} (1946}, Effects of Impacto _
and Explosions, Swmmary Technical Report of

Drviaion 2, National Defemse Research Counc’l,
Volume 1, Washington, D.(., AD 221-586. (Ref. 1)

Although this reference is rather old, it is
a thorough reviev of U.S. research studies during
World War II on explosions in air, water, and
earth; hallistic impact effects on steel, concrete,
and goil; gun muzzle blast; dynamic materials
properties; protection against various weapons
effects; and target analysis and weapon selection.
Some of the Weapon Data Sheets included in the
compendium, particularly those on penetration of
projectiles into varicus wmedia, are useful. .ue
reference lint is extensive.
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The discusrions and descriptions in this work
are very clear and readable, and some of the com-
piled and scaled test data are still the most defin-

itive available. Unlike many other compendia, treat-
ment of all topics, by the various authors, is
excellent and thorough. This is a must for vour
reference shelf.

Amale of the New York Acadery of Sciemcea 118€3),
Volume 152, Artisle i, "‘revention of and Proteetion
Againgt Accidental Explosion of Munitions, Fuels
and Cher Hasardous Mixtures,” detober 28, 10€8.
(Ref. 2)

This is a very unusual source giving informa-
tion on accidental explosion: and their effects,
but this one volume of the Anrals contains a wealth
of useful information in papers contributed by
wany researchers and safety engineer- from the U.S,
and Europe. The quality of the individusl papers
ranges from excellent to fair. Most of them refer-
ence the literature well, but a few omit a number
of key references to prior work on the paper topic.
The sections most applicable for predicting weapons
effects are Part II. Personnel Sensitivity: Part
111, Sensitivity of Explosive Materials, and Part
IV. Explosive Effects.

Swisdax, M. M., Jr., "Sxyriogion Eyfects nd Froper-
ties: Part I - Fxplosion Effects <n Air," NSWC/WCL/
TR 75-116, Naval Surface Weapoms Center, White (ak,
Silver Spring, Maryland, Oet 1975, AD AQ18 544.
(Ref. 3)

This 1is an excellent compendium giving proper-
ties of air blast waves from nonnuclear weapons,
The emphasis i3 on presentation of graphs and equa-
tions, and on example problems for their use.
Included also are dats on air blast from shaliow
undervater and underground explosluns, and cratering
for buried explosions. The compendium is based
privarily on work in U.S. Nevy laboratories, and
this 13 vell referenced. A veakness is that the
extensive related work by U. S, Army, U, S. Alr
Force and foreign sources is largely ignored.

Swiledak, M. M., Jr., "Errlosion Effec:a and Proper-
ties: Part IT - Fxplosion Effecta tn Water," NSWC/
WOL/TR 76-1:6, Naval Surface Weapons Center, White
gk, Silver Spring, Naryland, Feb 1973, AD A056694.
(hef. &)

Thie is the counterpart to the preceding
compendive, but for underwater explosion effescts,
The type of coverage i similar, with coverage of - -
similitude relations, undervater shock wvave param-
eters for shallov and deep explosions, dubble pulse
characteristics, undervater shock irom line charges,
and related topics. This compendium should be
considered as a supplement to Cole's book,
Undervater Explosions, which vill be discussed
later. The literature {s well referenced.

*Bghavior and Utilisatiom of Explosives in Engi-
neering Design and Biochemioal Principlus Applied
to Chamizal Medicine,” Progeedings of the 12th
Anvual Symposi.m Amerioan Society of Nechanical
Bgingora, v Eixioc Seotion, March 1972. (Raf. $)

The first part of this compendiun includes a
nuaber of well-written papers on detonation of
explosives and thefr utilization. Its value lies
in good descriptions of explosive processes, how
explosives accelerate materials, and hov materials
respond to intense explosive loading. Most of the
papers are excellent, and well-referenced.

Doering, W, and Burkhardt, 6., "Contrihutiome to
the Thecru of Detonation,” Translation from the
Germam as Technical Keport No. F-TX-12Z7-A (GDAM
AS-T-4G), Headquarters, Air Material loerumi
Wright-FPatterson AFE, Chic, May 1§48, AD "78&°3,
(Ref. 6)

Much of the Cerman work during World War II

on detonation of explosives, and shock transaission
through air, water, and at interfaces between media
is included. The treatment is very lucid, even in
translation. Reference is, of course, almost ex-
clusively to German work, One of its most useful
aspects 1s the presentstion of equstions for pre-
dicting shock strengths on reflection from or trans-
nission betveen different media.

DISCUSSION OF DESIGN MANUALS

There are available a number of man-als for
prediction of explosicn and impact loads on struc-
tures, and design of structures to resist such
loads. Most are intended for use by structural
engineers, and they concentrate heavily on presen-
tation of design equations and graphs. A nuamber
of weapons effects can be predicted from informa-
tion in wost of the manuals.

U, 8. Army Naterial fommand, Ewgineering Design
Yandbock: Princivles of Explovtve Behavior, AMC
fFamphlet AMCP F96-182, 1870

(Ref. 7)

This {s one in an extensive series of Aray
design manuals. It includes very thorough, well-
written, and well-referenced material on the detona-~
tion physics of explosives. It will not allow you
to numerically predict many weapons effects, but
it should give you a good understanding of the
physical processes ozcurring wher explosives
detonate.®

"Fundamentala of Protection Design (Nom-Nuolear),”
Devartment of the Army Technical Munual, M §-858-5,
Departmant of the Arm, July 1965. (Ref. B8)

This vas one of the first design manuals for
protective structures. It was basred on work by
MIT and University of Illinois structural engineers,
and includes some information useful in estimating
wveapons effects., Like some other manuals, a veik-
ness i3 i.clusion of only s dibliography, and rot
specific references. It has now been superced:d
by later manuals.

SThe Army Engineering Handbock Series includes
several other msnuals vhich are very useful in
predicting vespons effects, but they sre classified
and so do not qualify for our list.
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"aepressive Shields Ftructioul Do igm and Analyels
Emdheok,” U3 Armw Corps of Engineers, Huntsville
Moistiom, FNXOM-1110-1-7, 1877, (Ref. 9)

Suppressive shields are structures (usually
vented) designed to arrest fragments and attenuate
blast and fireball effects for accidental explo-
sions in munitions plants. This manusl includes a
number of topics which can be quite useful in esti-
mating weapons effects, including prediction meth-
ods and data for free-field blast waves, blast load-
ing of structures, internal explosion blast and gas
vressiiv ioads, and frapgment impact on structures.
Frosentation {8 clear, and sources are well refer-
enced.

Craford, Snbert E., Higgins, Comelius, o, Bult-
mann, H., "The Ay Forse Mamual for Design and
Analys’s ¢f Hardered Jtructures,” Feport No. AFWL~
TR-74-108, Contract No. FL0601-74-0-5018, Civil
Yurlear Systems Corporaiiom, Albuquerque, New Mexico,
Detober 1874, Second Primting Jctober 1376, (Ref. 10)

This manual is intended for design to resist
nuclear weapons effects, but it still contains
material useful in estimating some nonnuclear
effects. Tb useful parts are those on air blast
phenomens, od ground shock and cratering. The
treatment f structural response and damage largely
repeats ivat i1 Ref. 9 and 20. Referencing is
extensive and yvod.

Styructures to Resist the Effects of Accidental
Expios! Nepartment of the drey Techuica! Mawal
M , Jepartment of the Navy Publication SAVFAC
F=337, Pepaptment of the Alr Force Manugl APM 28-Z2,
Departrent of the Armmy, the Navy, and the Air Force,
dioze 1869, (Ref. il)

This Jesign manual {s the "Bible" for most
structural engineers irvolved in blast-resigtant
design in reinforced concrete. Its strengths are
in presentation of detailed procedures for estimat-
ing blast loading for internal explosions, failure
modes for reiirforced concrete, structural elements,
and design of reinforcing. Basic structural design
procedures are identical to those presented earlier
by MIT authors.

Th:re are data and prediction methods for
estimating iree-field blast wave properties, inter-
nal and external blast loads on structure, frag-
ment impact effects on structures, and blast effects
on humans. Descriptions of blast loading and its
effects are quite good. A weakness is complete’
lack of referencing, although there is a reasonably
complete bibliography.

This manual is now being revised and updated.
Unfortunately, the weaknesses in lack of referencing
will not be corrected.

Biker, w. E., Westime, P. S., Xuless, . ., Wil-
beok, &, 3., and vox, P. A, "A Manua! for the
Prediotion of Blagt and Fragment Loading om Strue-
turea,” (1980}, DOE/TIC-11268, 1.S. Dept. of Ewergy,
Amarillo, TX, Nov 1980, (Kef. 12)
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BEST AVAILABLE COPY

This voluminous work is directed toward struc-
tural engineers who design blast-resistant struc-
tures for accidental explosions involving high ex-
plosives. Many graphs and equations, and many exam-
ple problems are included. Topics coverad are air
blast from single and multiple high explosive sourc-
es, both bare and encased; blast loading of struc-
tures for internal and external explosions; crater-
ing and ground shock for explosions in earth-covered
structures; and a very detailed treatment of frag-
mentation and fupact effects of fragnents. General
information is given on dynamic properties of con~
struction materizls and on methods for dynamic
structural desiga, Referencing is thorough, and
an extensive bibliography is also included.

DISCUSSION OF REFERENCE TEXTS

There are a number of reference texts which
provide very useful information relating to nonnu-
clear weapons effects. But, very few give direct
prediction methods for such effects. It is suggest-
ed that the reader study them primarily to try to
understand the physics of the complex processes
occurring, for information on computational and
experimental methods, and as general background
reading.

deltdovich, Ya. B, and Raster, Yu. P., Fhyeiee o,
Shook Waves and Bigh-Terperatve Fyd 2dynamie
Phenomena, iol. 1, Academic Press, N.Y., 1966.
(Ref. 13)

Zel 'dovich, Ya. Ay nd Hanter, Yu. P., Physies of
Shook Waveg and ¥l ah-Terperature Sidrodyz 1
Phenorena, Voi. IT, Asademic Press, N.Y., 1367,
(Ref. 14)

This two-volume work is a translation from the
Russian. If you want to make a detalled study of
the title topic, it is must reading. The treatment
is very thorough, but also very readable. Reference
to related work world-wide 1s thorough.

Johansson, C. K. and Perceom, P. A., Detonies of
High Explosives, Academic “ress, London anc New
Tork, 1970, (Ref. 15)

"This is a thorough treatwent of almost every-
thing that 1{s known about liquid and solid explo-
sives. It shouldbe the first source for anything
you want to know, It also contains many excellent
wmoder: references.”" (W. C. Davis, in Ref. 5)

Cook, M. A., The Selence of High Ezplosives,

" Reininld, KY, 1853. (Ref. 16)

“Here we have many useful dats, lots of phe-
nomenoclogy, and interesting pictures. Unfortunate-
1y, there is also a great deal of interpretatinon
vhich is not accepted by other workers in the [ield,
and a nevcomer to the business has a hard time
deciding what to believe and what to reject, My
advice is to use it as a very valuable source of
data, but to be careful about accepting the dis-
cussion and conclusions.” (W. C. Davis, in Ref. 5)

iwmey, G. F. (1352}, Expiosive Shocks in Air,

MacMillan, New York, New York. (Ref. 17)




Fo .)me ‘ears, this vas one of the fev read-
1ly svailable references on sir blast waves. It
evolved from a course taugh® by its author of the
U. S. Neval Postgraduate School. But, the material
is velatively superficial snd does not at sll re-
flect the breadth of experimental and analytical
work which had been done before it was published.
Literature citations are very limited. It hss
been supplanted by later and more comprehensive
works.

Raker, #. E. (1573), Expiocions in Air, imiversity

of Texce Fress, Austin, Texas. (Ref. 18)

“Although this book will not satisfy all the
requirements of either the casusl, neophyte, or
experienced investigator, {t provides by far the
most comprehensive treatment of the subject availa-
ble in a siugle volume, £3d as su'h it of fers some-
thing worthwhile co all. A good b lance betveen
theoretical and experimentsl appri,aches is wain-
tained throughout the book with adequate mention
of theoretical-experimental relationshios snd
their importance to the understandirg of the blast
phenomens or solving practical explosion problems.”

“Baker does a good job of describing wany
types of instrumentation in current use for labora-
tory or field applications, Mechsnical, electro-
mechanical, and plezoelstric gages are discussed.
Mechanical, CRO, magnetic tape, and photographic
systems and techniques for recording transducer
output or blast phenomena directly are given
adequate treatment.”

"In light of the rapid changes in instrumen-
tation available for researchers' use, it would
have been well to devote a page or two to the
requirements of & blast-meaguring system. A cucve
showing frequency response requirements versus
charge weight {(or emergy, the term Baker is prone
to use) would have been quite helpful.”

“The relatively large bib)iography is a fine
feature; the serious investigator is given guidauce
to sources in greater depth."

"All {n all, Baber's Explosions in Air Is a
welcomed and noteworthy addition to a sparsely
documented fleld." (J. F. Petes, bock review)

Henyek, & (13780, "The Dynamizg of Explrogiorn !
Itg Use," Amgrerdam, Elseviow Sefentife Publighivg,
(Ref, 19)

This book is a very useful reference work,
but’ flaved. In some respects, it is encyclopedic,
vith coverage of mun; aspects of explosions of
chemical high explosives and the effects of such
explosions in air, water, and esrth, Some treat-
ment oo nuclear explosions is also included. But,
11ke an encyclopedia, coverage of some topics is
shellov and does not reflect the depth of msterial
availsble on these topics.

Topics which are well coveted fnclude the
stress vave theory, detonations and close-in
effects of explosions in high explosives, explo-
sions in soils, underground blasting and cratering

and response of elastic and elastoplastic structural
elements to blast loading. Coverage of elastic
vibrations of structures is particularly exhaustive.
Toplcs covered in a more superficial manner include
explosions in air, explonions in water, use of
explosives in demolition and selsmic effects of
explosions. Scasling laws for explosions in air or
water, vhich are essential to these topics, are
barely mentioned.

As 19 probably natural for a book written in
Czechoslovakia, references tn vork in eastern
Zurope and Russia are extenaive, and thc inclusion
of such references is very valusble for western
readers. But, wany readily svailavle references
from the United States and nther Jestern world
sources are lacking, and many of the references
which are listed are now dated and superceded by
later wvork. In general, there are too fev refer-
ences to work more recent than 1969.

The writing is clesr and the exposition easy
to follow, but in some instances, too much mathe-
matical detail is included. We would hae preferred
to see less mathematical develcpmwent and more exper-
fmental data verifying some of the theory.

In summary, this is a voluminous book contaln-
ing much useful {nformation cn detonative explosions
of chemical explosives, effects of these explosions,
and a number of periphera] topics. But the reader
is cautioned that the coverage is quite incomplete
on some topics, and perhaps too detailed on other
topics. References to good recent works in this
field are slsc omitted.

Yomris, C. H., Eansen, R. 4., Holley, M. J., Figae,
oM, Naryet, S. and Minazwi, 8. V., Struotwrc!
Desiyn for Mmoric Loade, Nefraw-#7117Book Co.,

NY, 1953,  (Ref. 20)

This book first appesred as a set of course
notes for a short course taught by MIT staff. Pro-
cedures carrey over directly fron an earlier U. S,
Arwy Lorps of Engineers manual. As with the Army
manual, these mathods reappear in many later
manusis. It §s an excellent introductory text "dr
response of dynawically-loaded structures.

Bigae, J. M. (13¢4°, Introduetion_to Structural

Dprmics, MeOrze-itil! Rosk lompany, Ve Fork,
New Yook, (Ref. 21)

This is an 2xcellent introductory text for
any engineer engaged in dynsmic structural design.
piggs 15 one of the suthors of the earlier Army
Corps of Engineers manual, and Norris, et al.

(Ref. 20). This book draws hewvily on the earlier
work, but sdds considerable msterfal. Presentation
1s very clear and understandable.

Baker, W. E., Cox, F. A., Wegiinc, P. S., Kulvss,

oo do, ol Stwehlew, R, A, loston Kamards and
alurtion, Flagriew s:-:'.c»:ti,;:,ic Pusliahing ..,
Am&tem, 1943, (Ref, 22)

This nev bosk discusses s variety of types of
explosion sources, and prescnts wethods for esti-
mating air blast Joads on sud within structures,
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some classes of fragment formati~n and iwpact ef-
fects, simplified and more complex wethods of pre-
dicting structural resy and d from blast
loading, and thermal radiation effects from nonnu-
clear explosions. Reterencing is thorough, and
there is an extensive bibliography. A number of
example problems illustrate the prediction methods.

oliemt ek, K., Drract, Jhe Thecory amd Behavior of
Ehe S v Ty

culliding Solids, Fiand drola, 104, L
(Ref. 23)

. This text gives very thorough coverage of the
title topic, both theory and experiment. If you
have any interest in the elastic and plastic pro-
cesses involved when solids collide, you should have
this book on vour shelf (or desk). The references
to the literature are as complete as you could hope
to find, [In fact, the earlieat reference starts,
"Galilei, G.... (1638)." It seems unlikely that
Professor Goldsmith missed any significant referenc-
es to this topic berwesn 1638 and 1960!]

Cukas, J. A, ¥icholas, I., SQuif!, 4. F., Jreszcsuk,
I. B, and Juepan, D K., Impact ynamics, Sohn Niley
§ Jong, Xew York, 133°. (Ret. 24)

In recent ycars, the power of new computers has
allowed numerical solutions to the complex sets of
differential equationrs, describing the fmpact, and
resulting deformation and penetration processes
occurring in high-speed impacts. Experimental
methods have also advanced to allow some observation
of the dynamics of these very fast processes. Thia
boock covers both of these aspects of high-speed
impact quite well. 1If you are interested in
‘modern technology in this field, Vvcu should get
th'» bsok. Presentation is graphic and clear, and
all surces are well referenced.

Riskman, M. &, letminal X0 letice, VWU IT &, 5,
Mava? Weapons Center, CHina i.iké, (A, Feb 137¢.
(kef. 25)

This book 1s in veality a report, but it is
included because of {ts divect applicabilicy to
nounuclear weapons effects. It is a primer in
ballistics, and as such does not go deeply into
any topic. It stould eake good in.tial reading
for the necphyte, but it should be quickly supple-
mented by more detailed veferencea. The reference
1ist in tha report is quite limiZed.

wole, R, H., Undermgter Exvlostong, Princgtom
Imiveroity Press, Princeton, Mo, 1948 (Reprinted
by Dover Publizatioms, 1965}, (Ref. 26)

This is an .xample of a reference vhich is
truly unique in & field. Cole's book covered U.S.
and British research, both analytic and axperimen-
tal, on undervater explosions during World War II.
There is no other comparable reference on this
topic, and much of the material in it is an useful
nov as in 1948, Swisdak's compendium (Ref, 4)
adds some newer work, but also relies very heavily
on Cole's book. If you are interested in under-
water explosions, you must get a copy of this book.
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Baker, ¥. E., Weatine, I, §. and Podge, F. 7.,
Simiiarity Methods {n Engineering Dynamics, Hayden
Forx Co., New Roche'ie, W, 1373, (Ref. 27)

The predecessor to this book was a met of notes
for a short course on scale modeling of weapons
effects, The book is expanded conaiderably beyond
that scope, but it contains chapters on scaling of
air blast waves and impact forces, scaling >f dynam-
ic elastic and plastic response of structures, scale
modeling of penetraticn mechanics, modeling of
rigid-body dynamice of structures, and scaliug of
cratering from buried explosions. The reference
11at is thorough,

There are a number of example problems, keyved
to individual chapters,

CLOSUKE

The limited list of broad references reviewed
in this paper have, for the most part, proved
very useful to staff members at Southwest Research
Institute in prediction and evaluation of a number
of conventional weapons effects, even though only
a few of them were intended for that purpose. We
have found that having a reference shelf with
general, unclassified references of this kind is
often far wore valuable than having many file cabi-
nets full of classifind references.

Let us comment on the availability of the 27
general references on our list. Those which have
an accession number for National Technical Infor-
mation Services (NTIS) are readily available at a
noninal cost, and we have given those numbers
vhich we knov, Procedures for obtaining the design
aanusls are often more difficult, You must usually
contact the sponsor for the manual preparation and
beg for 3 copy. Obtaining the never reference
texts in our list is not difficult, provided you
are willing to pay the (sometimes outlandish) pur-
chase price, Any published more than 10 years
age are probably out of print, and thus obtaining
a copy can te quite difficult, Unfortunately, for
a few very useful references such as Refs. 2 and 5,
extra coples are now alwost impossible to obtain,
and you must rely on friendship with someone vho
happens to have acceas to a fev spare coples.
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ABSTRACT

This paper is concerned with the analysis of
Hertzian impact of a band-supported, thick-rim
Jlvwheel against an eclastic containment ring. The
tollowing toples are addressed: consideration of
arohable fallure mode of the flvwheel, cstimation
of iwpact velocity, prediction of maximum condi-
rions at contact, prediction of the maximem
betding stress in the fmpulsively loaded contain-
ment ring, and sample calsulation for a pioposed

containment rgﬂy

INTRODUCTION

The tuuctions of a containment shield for am
automot{ve encrgy-storage fiywheel system ave:

. Vacyum preservation
Protection against flywheel failure
. Protection against external impact

[

Pexigning tor the vacous containment functien
jovolve; a relatively sizple static external-
pressury vessel analysis. Furthermore, this
tunction is independent of type, mass, and rota-
tional gpeed of the flywheel. Thus, It will not
be discussed turther heve.

Designing for protection against flvwheel
failure has certain stallarities to rotor-burst-
protection shields for turbine eugines. The
latter problem has been 1elatively extensively
investigoted; see, for fustance {1-3}. In compar-
isun, almoxt ny attention has been directed toward
f lywheel concainment {&}), except for [3) which
appeared subsequent to cospletion of the work des-
oribed herein. -Thus, .m this work, ottention is
concentrated on this problem, with pavticalar
referfence to tie beniga failure characteristics
encountered in gpin tests on band-supported,
graphite-epoxy rim flywheels o). The present
woerk can be considered te be 3 correction and
extensfon of preliminary work reported in Sectiun
4 oof {7},

Protection against external impact is un-
doubtedly fmportant du autosotive applications, in
conacction with a head-on collisian, tor tnstawe.
Hovever, the extent of the collision which must be
borne by the automwobile's chassis and that vhich
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wust be taken by the flywheel coataiament depends
considerably upon the detafl design of the specific
sehicle concerned. Thus, consideration of this
aspect of containment will not be discussed further.

METHODOLOGY OF ANALYSIS

The philosophy upon which this analysis is
tased is analogous to that used by Timoshenko tor
impact on straight beams {8]) and by Yang [9]) o
fmpact on plates and shullow spherical shells. The
analveis consists of the following steps:

1. Consideration uf probable failure modes

2. Estimation of worst-case initial conditions
(impact velocity) from clementary whirling
theory and cther considerations

1. Predicrion of maximum impact force, contact
stress, 4and contact time from Hertzian contact
theory .

4. Prediction of maximum bending stress trom
impulsively-loaded ring theory

5, Selection of suitable material and thlckness
for containment rings (sample calculation)

PRUOBABLL FAILURE MODES

fo all of the spin tests previously sentioned,
the flywheel rim remained intact. This is {n con-
trart to turbine disks and other metallic votating
disks, which generally fafi in three large pie-
shaped fragmeats. It s not defiritively known at
this time whether this d!tferencs is due primarily
to the differences in naterial (filamentary coe-
posite vi, monolithic), stredss stste (essentially
uniaxial in a ring versus highly biaxial in a
disk), or both, - -

The types of failure encountered in the tests
of Rel, (6) were either shaft fajlure ut the
necked-down breakaway portion of the shart or band
fallures. The former fallure is merely a test-
fac{iity protective device and probably would not
be destirable or even feasible in vehicular appli-
catlons. Thus, primary concern herc is with band
failure, which may be due to either excesslve ten-
sion or compressive buckling. In either case the
fallure may be quite sudden. However, there is a
question as to how many bands would fail. 1f the
rim was in an out-of-pldane tilving mcede st the




tim of fallure, It might be expected thrat only
bands on e1thar the tor o the Hnttox woull fall,
This would fnduce a tilting type action which would
not be the worst casc to contain, siace the impact
with the contsinment shield would de oblique rvathes
than normal (redial). However, preliminary calcu-
lations reported in [10) indicateé that buckling.
say tn the top bands, and tensile failure in the
bottom ones would occur at almost the same tiit
angle. Thus, {t s plausible that even under
tilting action both top and bottom bands could
tail. Of course, in the case of an in-plane
translaticnal whirltng, the top and bottor bands
would be exposed to fdentical conditions and thus
would be expected to fall simultanecuslv and
result in normal (radial) tmpact.

When & band fails, tn say tension, on one
side cf the hub, depending upon the hud design, Lt
®AY OF ®ay nct carry through to ite continuation
on the cpposite side of the hub. In one of the
flvvhee)l designs, this depends upon the fricttonal
or mechanfcal splaying restraint at the hud, In
the other design, {f one band fails, the remainder
mav or may not remain etfective,

ESTIMATION OF IMPACT VELOCITY

To estimate the maximum distance from the
centee of the rie to the center of the hudb, the
folloving approximate equation of motion for
forced synchronous whirling of a single-degree-of-
frecdom syitem is used:

'r; + (b/"\; + Kr » -‘e;~ cos ..t 1)

Here, n,  mass of rim, 7 -
rim center, b wmaterial damping factor for the
band wateriel, K In-plane spring constant of the
entire band subsystem, ¢ - initial eccentricity st
vim, .. rotational speed, t time, and a dot
denotes differentfation with vespect to time,

vadial displacesent of

The smplitude of the generdl solutlon of
eguatiun (1) 3 given by

Te n'eﬂ'll(l --rh-)’ + b‘ls (3]

The maxinus amplitude at resonance (- s K/nr)
s

Yax © (K/d)e (§))

Hovever, for K = 1,239 x 10° 1b/tn. and w @

G.06) Ybesec' /in., this I3 trndl‘ted to ovcur 4t @
speed of (60/2-)(1.239 x 10°/0.043)% = 1,200 rpm,
vhick is well beyond the design maximum operating
speet of 32,000 rpm. At 32,000 cpm (:i = 3,)5]
rad/sec), b/K = 0.0172, and « = 0.010 ta..
equation (2) yields T = 0.0064 in. MHowever, for
20cre realistic design, Lased on the results of |11,
a dynamic maguification factor of 1.0 will he used,
t.e., v v 0,0{0 in.

Under ttese conditions the peripheral velo-
caty and raifal accelerarion of the mass center of

the rim would he

o " Toe (3,351)(0.010 = 33,5 fn./sec or
* 2.79 ft/sec

a L m 112,000 in./sec” or 291 g's

Tt ix conservatively assumed that upon fallure
the hands offer no vradlal vestraint and thst there
is 8 0.028-in. radial clearsnce betwcen the rim
periphery and the {nalde of the contalnment heus-
ing. Thus, the radial velocity at {mpace, for a
total travel = = 0,028 -~ 0.010 » 0.018 {n., would
e

k

v, - 2 a %)% » 63,4 In./sec

Thus, the resultant fmpact veloci would have

a magnitude of

[
o (v 4 v ) e b)6 dn./sec or 5.0 ft/sec

v
o L 4 tan

PREDICTION OF CONTACT CONDITIONS

To predict the contact Jdisplacement, foree,
and compressive (bearing) stress in the contafo-
ment, the perfectly elastic Hertzlan fapa t theory
as Jdeveloped by Goldseith {12] Ix used. [ac von-
tainment paramciers are denoted by subscript 1 and
the rim npes by subscript 2. The inside surface
of the containment is assumed to be perfectly
cvlindrical with an instde radius of 10.028 in.
Thus, in the sign conveation of Hertzian contact
theary, 1/R; = 0 and 1/R) = - 1/10.028 in.

The tlyvheel vim 18 toroidally curved with
these curvatures: 1/Ry = 1/0.947% in.* and
/K, - 1/10.000 iu.

Since it §s assumed that the principal axes
ot the rim and containment shield are «ligoed,
Coldsmith's angle 7 » 0, Then the Hertzian geo-
metric parsmeters A and B can be calculated simply
as

As (IDIQRY + (1RY)
(%)
B (l/l)l(liuli + (llnz)!

. -
Mere, A ® 0.00140 1n.”" and B = 0.428 tn."!,
Thus, A/B « 0.0026% and by interpolating Goldsaith's
{12) Table 5, page 87, one obtains factors q,
147 and q, = 0.370. T> obtainq, = 1.8°, {t
Vas necessary to extrapolate Goldsmith®s values by
plotting on log-log paper,

The contact force F is related to the vontact
displacement 1 as follows:

.Thc radius Ry {3 calculated from the respective
axial and radial semi-axes of tie elliptical cromws
section of the rim (! 5and 2.375 in., respectively;
see Fig. Al {n [10)) as (1.5)-/2.375 = 0.947% {n.
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Foro 80 b sin (1,068 v t/y ) %)
b3 (3] ™

vhere v o is the retative velocity at Initfal con-

tace, t £8 time, and ay and Fy are the waximum

valuge ot the displacement and force, respectively:
275

" 5 v“;aklkz) : 6)

. M2,
Fy gy 1.143 &

M5 6! s
/5 v s/k‘u o

2

Hete, the following additional parameters are
defined as

k‘ (llwl) + (l/m) (2

(ﬁll)qk

k, o e i )]
TG 8’

- 2 ) 'Ez {10}

where £ {s Young's modulus and  is Poisson's
ratin,

The total time of contact : is given by

s 2,943 o /v (11
® o

The contact area is an ell.pse with semi-axes
4 and b:

a=q O+ i+ it

(42)
b= (qb/qa.\.ﬁ
fFhe peak vompressive stvess develioped is
riven by
o = 2UF/ ab) , ()

DYNAMIC STRESS ANALYS1S OF CONTAINMENT RING

To determine the peak dynamic bending moment
In the containment ring, the analysis by Mittal
{13} {5 used. Mittal showed that for a clrcular
ring subjecid o a concentrated loading that is a
half--gine puine In time, i.e., equatfvn (3), the

maiimys bending woment occurs at some value of -

time ¢, 0 ~ t ~ i, For this time interval, the
bending woment is given by

Ny 1o Ay a2
K- (r‘/z)(ulxlvlnr) . (: {(x)
~ (1/2) cos (nt/') + (1/2) sin (~t/1)]}
1V (E ; 3
+ (F_.le Y(E;1/01A ) (2.9303/R%)

eft = (1/°) 8in (~t/:)}] (14)

where x I v2t/ and
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L1 40.926x
f ) T782x + 310k ts

Here, A, ° cross-sectional area of containment
ring, 1 rectangu'ar area of mowent of inertia ot
ring cross section about the appropriate centroldal
axis, 8 wean radius of -ontainment ring. It f{¢
noted that equations (14) and (15) both differ
slightly from those given by Mittal, since his
paper had some obvious typographical errurs,

SAMPLF CALCULATION

A sample calcuiation s carried out here for
a containuent ring of aramid fiber/epoxv matrix
composite with E; = 11.0 x 10" pst, .y = 0.34,

Jpk = 0.050 1b/in.’ and the Sandia flywheel rim of
graphite (lber/epoxy matrix composite with kg =
18.0 z 10° pst, *; = 0.27, @ = 0.043 Yb-sec?/in.
The containment ting dimensions are an axial length
of 3.00 fn. and a radial thickness of 1,00 in.
Thus, the containment ring has a wean radius of
10.5:8 in. and a mass

m  2-(10.528) (3.00)(1.00) (0.050/86)
= 0.0257 lb-sec /in.

Using equationa (10), one obtains 3 =
2.56 x 107% 1n.7/1b and &5 » 1.64 x 10”7 in,"/1b.
Then equations (8) and (9) yield k) = 62, g}
in./1b-wec’ and k3 = 89.62 x 10° 1b/(in.)
From equarions (6). (7), and (11), one gets g
0.00383 in., Fq = 21,200 15, and : = 177 x 107° sec.

Application of equations (12) yields a =
1,703 in. and b = 0.0429 in. Using these values
in equation (13), one obtains Jem * 139,000 psi,
which is an acceptable value for the Hertzian con-
tact compressive dlress in this material,

By examination ot the numerical results given
by Mittal {13] and some further calculacions, it
can be shown that the peak bending moment always
occurs when t/t 3 0,72, Then, application of
equations (15) and (14) yfeld i(x) = 0.2449 and a
peak moment |Mp| = 21,600 1b-in., fospectively.

Finally, the naximum beading stress is given
by

p = 6M 17817 = 6(21,600) /(3.00) (1.00)° = 43,200 pst
This is a very re;;onqble tensile stress for aramsid-

epoxy, whicn has an ultimate tensile strength of
200,000 psi. However, it may be marginal on the

compressive side of the bend.

It is noted that the calculated weight of the
1.0~in. thick arssid-epoxy containment ring ic only
9.92 1b. It should be emphasized that this weight
is equal to that of an aluminum conteinment ring
0.50 in. thick or a steel containment ring 0.177
in. thick.




DISCUSSTON

In this section arte discussed the .mplications
of the numernus engineering approximations which
have been made in the {oreguing analvsis f{n order
to obtain relatively simple closed-form sotutfons,

The present analysis has teen dbased upon
Hertzian elast?c rontact theory, which in ftaelf
has some engineering approximations, However,
relatively recent dynsmic-contact espeviments by
several different Inveatigators [14,15] have
vorroborated thia theorv. This was i{rue even in
the experiments of {14) which used impact condition
taat were chogsen to maximige the effecta of streas-
vave energy dissipation. The question of the
ef‘ects of material damping and localized vielding
in the vizinity of conta-t were investigated by

Chou and Flts [16) for the case of dynamic contact
"~ loading of straight besme. They concluded that
these effects teduced the peak stresses only
slightlv. Thus, Hertzian theory should be alightly
conservative, which, of course, {s usually de-
sirable for design purposes.

Perhaps the most questionable avsumptiovu uc:d
herc is the use of fsotropic-materlal contact
stress theory, The theory could be fmproved, a:
the rost of considerable complexity, by combining,
anino’ropic elasticity results for the potnt-loalded
half-space frot Lekhnitskii {17] © a manner ana-
logous to Goldsmith's development cf Rertzfian
dynamic contact for {sotropic medta (12].

There may be some question regarding the
validity of using Mittal's thin-riag theory for a
ring vhich heas a 0.10 ratio of vadial depth to
inside ring vadius. Although sv-e accurate rirng
theery including transverse shear deformatfon #.:d
rotatory lnertia is nov available [18], the Moriey
theory used by Mittal has been shown Lo be aderuale
for thickness-to-radius racios as high as 0.5 {19]).

1t should aleo be mentione. that the addi-
tional restraint provided by the end plates,
lo:ated abuve and below the flywheel and rocessary
fcr vicuum preservation, has been neglect . J {n the
prsent avalysis. Again, this is another tactour
which would provide additional structur:l irtegrity
beyond that computed heve.

Finally, it should be kept in wiud that the
present analysis has not addressed the jrublem ot
frictional hecring due tc the udras.ve rubbing of
the flywheel perip-ery against the inside of the
containment .ing. -
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ABSTRACT

The two major data bases connected
with underground blast effects on struc-
tures are utilized to cbtain raticnal pro-
cedures for solving - approximately « the
two fundamental engineering problems. The
data bases are, 1) accalerogram records at
points in the field affected by the blast
and 2) isoseismal contour maps for the en-
tire field affected by the blast. These
ther lead to analytic expressions and charts
for the engireering problems, namely 1)
damage assessment and 2) structural design/
analysiq(

INTRODUCTION

The theory and procedures to be den-
cribed were developed during the course of
earthquake engineering research. However,
all the results obtainad, suitably scaled,
apply as well to the underground blast
phenomenon. As is well known the earth-
quake mechanisin has been likened, physical-
ly, to the equivalent of an underground ex-
plosion of enormous initial enerxgy.

Thus, the presentation wili utilize
aquations and charts that were obtained in
studies related tc earthquakes. But all
the procedures, all the equations, all the
charts apply as well for the underground
blasts which are the topic of this symposi-
um. The numerical values of the different
terms will very likely vary from those ob-
tained for earthquakes and used in this
report. But the fundamental techniques are
the same. In fact, underground blast phen-
omena atford an excellent means for check-
ing the more comprehensive predictions
vwhich follow from the application of the
theory to the earthquaka event.

BASIC ASSUMPTIONS

This research is founded on three fun-
damental (and related) premises:

1)  Underground blast engineering (here~
after designated as UBE) is a unique disci-
pline in the overall field of applied mech~
anics, just as for example, elasticity

A RATIONAL APPROACH TO THE ANALYS1S OF
STRUCTURES SUBJECTED TO UNDERGROUND BLASTS

S.F. Borg

Stevens Institute of Technology
Civil Engineering Department
Hoboken, New Jersey

07030

and heat flow are separate and different.
Therefore, UBE has its own particular in-
variants, parameters, equations, variables
and similar quantities - and furthermore
these should be very different from the
other well~-known terms ard relations in
applied mechanics.

2) The sources or fountain heads for all
the quantities mentioned ahove (the invar-
iants, parameters etc.) will be the two
major observation banks (or cxperimental
data or field data) of UBE, these being

a) The accelerogram which, physically,
must be related in some fashion to the var-
iation with time of ground surface energy
at a point in the blast field.

b) The isoseismal contour map which, phy-
sically, must be related in some fashion to

~the variation with distance of the ground

surface energy over the entire area affec-
ted by the blast.

Note, therefore, that proceeding from
1) to 2) above we are led directly to

J)  namely, energy is the key element, the
basic ingredient in the entire underground
blast event, starting from its initiation
(the explosion) and proceeding timewise
and spacewise until itc completion with the
accompanying effect upon and response of
structures.

The research - which will be reported
elsewhere in its entirety (Ref. 1) covers
every facet of the blast from its initia-
tion (2 blast mechanism) up to and includ-
ing its effect on and the response of
structures. New parameters, invariants,
equations and similar relations are intro-
duced and a complete unified, rational
approximate theory of UBE is developed.

The theory is based upon reasonable
mathematical, physical and technological
assumptions, is dimensionally sound and
represents logical, integrated over-all
approaches to all facets of the blast event.
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As in all engineering design zpplications,
certain experimental (field) data must be
obtained in order to establish "allowables*
or eqrivalent terms. At this time only a
limited fund of such guantities is avail-
able and the applications are limited in
this respect. However, the entire develop-
ment is "self-correcting” in the sense that
as more and more data is collected and
utilized, corrections and modifications to
the working data can be made without diffi-
culty until finally, the design r2lations,
curves and charts will be established with
suf{icient accuracy so that ordinary en-
gineering desiyn offices can use them with
a level of confidence suitable for engin-
eering purposes. The author suggests that
even at tais time, there probably is suf-
ficient data available (possibly in the
classified files) to permit its use - at
the appropriate approximate level.

In this report only that portion of
the study dealing with damage to structur-
as will be dealt with in detail and because
of space limitations, only the results will
be presented. The details are described
elsewhere - as are the applications to the
structural design and analysis phases ot the
problem.

THE ACCELEROGRAM INVARIANT AND PARAMETERS

A typical earthquake accelerogram is
shown below, Fig. la. We assume that ex-
cept possibly for scale, the underground
blast accelerogram is similar. Hence the
discussion which follows applies to UBE.

&
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An analysis and study of a number of
accelerograms, as well s physical consid-
erations, suggest that f (adt} and t are
the important variables in this phenomenan,
and in particular I (adt), and t. are the

fundamental parameters, Fig. lb.
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A mathema’ ical derivation leads to an
invariant expr: . 'on {(the "acceleration in<
dex") which holds for "canonical" acceler-

ograms, this being
ér X
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The numerical values obtained in Eq.
1 apply to earthquakes. They probably
differ for underground blasts. In any
case, these values can be establishied
without difficulty.

For those accelerograms that are not
"canouical®, typically as in Fig. 3, we

can generally superpose 2 or more canonical
accelerograms. -

By utilizing an alternate, but equiv-
alent postulated mathematical forumlation,
equating equal terms, and integrating we
obtain an equation for the timewise varia-
tion of horizontal groand energy at the

int where the canonical accelerogram was
ogtaxned, Eq. 2.




¢, = surface horizontal energy per unit ef
fective area between the times t; and t at
the accelerogram location.

€ g ° same for t tf

which plots as Fig. 4
/0 .
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In Eqg. 2 alsc the numbers may be dif-~
ferent for underground blasts.

For 2 or .wore superposed canonical rec~
ords (Fig. 3) we superpose the enhergy ex-
pressions, Eq. 2, Fig. 4.

THE GEOLOGY AND MEASURES OF DAMAGE

Physically, we must assume that the
"geology" of a region affects tha ground
behavior and structural response due to
underground blasts. We assume, at this
time, three different “geologies”, designa-
ted as R}, Rz, and R3, to be definec follow-
ing further study of this variable. [t is
conceivable that a smaller (or larger) num-
ber of separate geologies is required to
account for all possible situations. In a
general way, frequency of the acceleration
is accounted for in this classification.
These geological designations are used in
the mathematical, physical and technical
formulations throughout the rescarch, as we
shall see typically, in tne present damage
assessment portion of the study.

We assumne “Jdamage” is defined by an
"Intersity Number,”™ I, as given in a (pos-
sibly modified) Mercalli type Scale, cn an
*"isoseismal contour map". Fic. 5 shows such
a map for an earthjuake. 1Its form will be
similar but the values may differ for an
underground blast.

THE ISOSEISMAL INVARIANT AND PARAMETEKS

An analssis and scudy of 28 earthquakes
during t.ue past 500 years, occuring all
over the 2grth, as well as physical consi-

derations, suggest that , (IS) and § are
8=0
the important variables in- ¢his phenomenon

and in particular that E (IS)f and sf are

2

the fundamcntal parameters,
A mathematical derivation leads to an
invariant expression (the "iscseismai in~-

dex") which holds for all 28 earthquakes,
this being Eq. 3,

L}
.jé?(139 1QC;L’(g?} ¢27 3)
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which plots as Fig. 6
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The author sugygests that a similar
eguation and curve will hold for under-
ground blasts - suitably modified, if nec-
essary, for “"geology™.

By utilizing an alternate but equiv-
alent postulated mathematical formulation,
equating equal terms and integrating, we
obtain an equation for the spacewise varia-
tiorn of horizontal ground energy over the
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entire field affucted by the earthquake,
Eq. 4, which plots as Fig. 7.

4
Pl :

(2o

N W)

W = total surface horizontal encrgy between
the small radius Si and the radius S.

H = same as cbhove for § -~ Sf
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THE DAMAGE ASSESSMENT CURVES

In this theory, I(ait)sf and tf and
I{IS}¢ and Sf are the key parameters in the
rational underground blast analysis and
must be included in all theoretical devel-
opments connected with the blast phenomena.
Thus

A} Physically, I(ast)g and tf must be con-
nected with the damage of structures. A
study of a limited number of earthquake
accelerograms (corrected for direction)

that had isoseismal maps rfor the same event.
leads to a preliminary damage (intensity)
map as follows, Fig. 8, for earthquakes.

A similar, suitably modified chart, should
apply to underground blasts.

If we have a superposed accelerogram as
in Fig. 3, the author suggests at this
time that the separate I(ait)g and tg
values for each separate cancnical envelope
be added. Then use these gums in Fig. 8

B) Physically, L(IS)¢ and 35f wust be re-

lated to the magnitude, M, and hence the

energy, of the underground blast. For ex-
ample, by using the 28 earthquakes we find
Fig. 9, (and a csimilar representation will
apply for the underground blasts) so that

Flge 9

Y S,
C) using the equation given above and
Fig. 9, for a given M and R we can deter-
mine I{IS)¢ and S¢ and the corresponding
isoseismal map may be computed and plotted,
Fig. 10, from which the damagc may be assess-
ed.

THE STRUCTURAL DESIGN PROCESS

Very briefly (because of space limita-
tions) - the structural design and/or analy-
sis phase of the study utilizes the energy
concept in conjunction with the accelero-
gram and isoseismal invariants and para-
meters previously described. The details
are described in Ref le and 1f.
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In applying the method, symmetry and
anti-symmetry are the basic tools used. A
free-free form of vibration is assumed
which requires the estimation of an “equi-
valent” length, i. The energy tobeabsorb-
ed by the structure requires the deter-
mination of an “"effective area, a,". Sym-

metrical and anti-symmetrical energy and
vibrational configurations are utilized and
the entire process leads to an approximate
analysis that iucludes all of the varia-
bles that should enter into an underground
blast analysis in a form that can b: used
by ordinacy engineering design offices.

CONCLUSION

The design orocess, as in all engin-
eering design, starts with specifiedor code
or judgement design decisions. These could
he, typically,

a) A specified canonical accelerogram or
cluster cf canonical accelerograms with
given separate I{aAt)¢ and tf valuesané
geology.

or

b) A given blast magnitude, efficiency and :
geology from which I[(IS)¢ and S¢ are
obtained.

or other similar data.

From these, using the equations and
charts derived from this theory, we cande-
termine all of the necessary UBE parame-
ters requi.ed for the rational, analytical
assessment of damage and for the struc-
tural design,

There is no doubi whatever, that every
underground blast is different, in detail,

from every other underground blast tnat nas
ever occurred, wherever it occurred.

But, by the same token, because the
blast is a natural phenomenon, it must also
be true that, overall, in the large, there
are certain relationships or eguations or
parameters that are approximately common
to all underground blasts.

These relationships or ejquations o1
parameters are here called the invarjants
of the blast phenomenon and the writer sug-
gests that any attempt to obtainarational,
quartitative, scientifc theory for UBE must
start witih a consideration of these basic
building blocks - the invariants.

To uncover these the research was
guided strongly by physical-engineering-
mathematical consideratirns founded on
available earthquake tests and experiments
which, initially, surfaced in the form of
hypotheses. By extension the hypotheses
permitted the derivitions of new mathema-
tical expressions which include those phys-
ical-engineering terms that must occur in
UBE theory. These new expressions predict
new phenomena which are capable of experi-
mental check.

Should the new relations check out -
with accuracy consistent with the observecd
data and sufficiently precise for engineer-
ing applications then one may with some
confidence assume they represent anaccept-
able theory for the UBE event.

Closely related to the above is the
fact that in all fields of applied engineer-
ing, an essential requirement for the engin-
eer is the collection and tabulation of
basic design information. This design data
is generally subject to continuous adjust~
ment and revision as additional experience
or special conditions require. Instructur-
al 2ngineering for example, we need data on
{to name just a few items), wind loads, pile
capacities, earth pressures, allowable steel
streases etc - data which to this day are
being adjusted and revised as required by
ongoing research. This data almost alvays
can be determined only by performing labor-
atory or field tests and furthermore varies
in form or content depending upon the appli-~
#d engineering field considered.

As these experimental (i.e. field) data
are collected, they become part of the in-
ventory in the siorehouse of design data and
as they accumulate, the need for additional
experimental values frequer~tly diminishes
and the applications (in design and/or anal-
yses) can generally be made with greater
accuracy and confidence.

In this new UBE theory, the necessary
experimental refinements can be obtained by
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analyzing expeviments currently being rou-
tinely performed (i.e. the accelerogram and
the isoseismal map) and/or by developing
and performing other relatively simple ex-
ercises utilizing man-made blasts. In this
way, the following terms will be evaluated
more precisely, thereby permitting greater
and greater accuracy as the accumulation of
data continues:

a) The efficiency, n, of the blast.
b) The role of the "geclogy”

c) The acceleration index invariant
“expression and the derived rela-
tions for pointwise - temporal
variation of blast energy.

d) The isoseismal index invariant ex-
pression and the derived relations
for spacewise variation of blast
energy.

e) The effective length, 1
f) The effective area, a,

The design engineer, architect, spec-
ification or code writer, damage or safety
engineer and other professionals who arc
ccncerned with rational scientific UBE
analyses can use the new theory at the
present time based upon available data and
reasonable assumptions. Because of the
limited available amount of the required
accumulated experimental data (which is a
common occurrence in any newly developed
theoretical application in applied engin-
eering) the amount of approximation invol-
ved and other possible limitations are: un-
certain. 1In order to increase the accura-
cy, the author recommends further continu-
ing study, testing and refinement of the
quantitative values for the uniquely UBE
terms mentioned above in a) through £},
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ABSTRACT

‘{hing the modern oomputerited analysis, the
spacial purposs computer program SLOOPSAN can be
suocessfully applied for the evaluation of thin
structure strength linits in presence of exireme
dynamic loading phenomena. This program oorrectly
s0lves wave-propagation-typs of problems invol-
ving short transient (very rapid loading-time se-
quencs) and including shosk-wave recponne from
impulsive loading (explosion or blast wave) and
{mpact losding (missile impact). SLOOYIAN pro-
gram is based on a finite element shell formula-
tion using the Jemiloof element and has been de-
veloped for transisnt dynamic non~linear analysis
applying an effinisnt explieit direot time inte-
gration technigue.

SLOOPSAN 3-D capadbilities in the fields of
struotural safety assessment and enti-missile
design are illustrated in the paper.

TPLICIT DINAMIC ARALYSIS USTNG 'smunr

The present formulation for thé solution of
complex shell problems in tramsient non-linear
analysis ia based on the construction of a very
performing mechanioal model with the use of ad-
vanced nuseriocal techniques. The explicit solu~
tion strategy is preferred to a modal superposi-
tion procedure or an implicit direot time inte-
gration technious for the following ryssone:

- 4he equations af motion are decoupled thanks to
a mass-lumping process and are =imply expreossed
i~ termr weriia, damping, internal and ax-
. casl sotore}

~ the nou:i acoslerations, velcoities and diepla-
cemente are direotly computed using central
differsace formulae;

« the internal foroe vector represents the key-
stons of td- wathematical model because it ®o-
laly contal. L the information related to
the struct .-+ stiffness and the nom-linear ma-
terial behaviour torough the siress vectory

- the constitutive equations are easily impleden~
ted, in particular total stress-strain formila—
tions of the explicit type. See e.g. Ref.([).

BEST AVAILABLE CCRY

EXTRENB DYNANIC LOADING EFPPECTS
O STRBL AND CONCRETR SHELL STRUCTURER

Tves Crutsen

Control Data Italia
Applications & Professional Services
Semate(i7i), Italy

- the geometrioal non-linearities, due to large
rotations, are trivially implemented usirg the
sonvective coordinate technicue:

~the program arochitecture ix much more simple:

no bandwidth vroblems, less connuter storame,
no assamblage nor inversion of any matrix, ease
of prograwmingt

~ this dtrategy is more competitive for advanced
veotor proocessing, thanks to a conplete vecto-
rial formulation.

This technioue of explicit time intesration,
in connestion with numerically tested mass-lum-~
ping proosdures, has been implemented in previous
works of the author (2,3,8), for the more complex
isoparametric shell element Semiloof developed hy
Irons (6).

The Semiloo! dynamic model for stesl and
conorete thin shells has nodal masses and .nertia
moments obtained 4y lumping techniques,axpluined
in Ref. (2), and oan be represented as a system
of discrete nodal masses interconnacted by eans
of springs repreasating the internal foroes and
moments., Any spring stirfness may var- froa high
values to very small ones when plasticity and any
other material disintegration prooess take place
in the finite element.

The modelling of reinforoement is obiained
by adding layers of steel bars at the upver and
lower shell surfaces. Thess stesl membranes un-
dergo the same total strains as conorete until
the reinforosment bars buckle when conorate lo-
cally orushes. Conorete thiokness and stesl re-

‘inforcement percentage may vary from an element

to another and the reinforcement may be different
at the upper and lower surfaces within one ele-
mant .,

Presiressing may be included in the conorete
by giving an initial prestrain in the reinforoe-
ment. The static stresses due tc prestressing or
dead weight may be carried out using the tran-
sient progran SLOOP3AN in & kind of dyuamioc rela-
?nlu mode, =8 illustrated for example in Ref.

3).
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The material non-linearities, dealt with in The proponed mechanical amadel permite to
this paper, include a vlasticity model for duc- follow very accurately the pro/1essive plastifi-
tile materinln like steel, based on: oation of steel shells or the cracking propagn=

tion of concrete thin structures within esoh fi-

- experimentally observed monoaxial yieid stress nite element in the mid-surface and across the

va plantic s rain relationships

thickness.
- the concapts of Von risys' atress, Drucker's
postulate, inotropio hardening and plastic e~ As a conweousnce, the complete disintegra-
nergy dissipation. tion of reinforoed oonorete shalls is created by

oconorets cracking, oonorete cruwhing, stosl plan-
tioity, local stes] tuokling, which represent the
wajor fcur factors computed directly through ths
~ cracking of concrete in tensile regime. The internal foroe vector,
mode) im based on tae conoept of sero tensile
strongth, or small tensi’y strengih, defore
the appeararce of the {.rst crack. A stress
redistridution taukes place when a orack strain
is defined perpendicular to the new crack, ia
agreensnt with Mohr's circls. See e.g. Ref.(3):
- elasto-plastic formulation for ooncrete in com
pression. Based on the well-cstablished theory

Yor reinforced conorete, the followinx in-
elastic behaviours are included:

The present material models for ooncrete do
net yot take into account of the sensitivity of
concrete to some parameters like streus history
or strain rate. Rxperimental research into con-
orete behaviour unier dynamic load {s urgently
nseded in order to use the results from computer
program with more confidence.

of plastioity, the ascending and descending KXPLOSION ’ SPRUCTURE INTERACTION

parts of the stress-sirain ourve are quits #i- ™he advanced computer program SLOOF3IAN per-

Eulated, as shown for exasple in Pig. I. mits to illustrate some exirems dynamic loading

Crushing of concrete is defined by the post- condition acting on thin metal structures. A oy-

pesk strain softening behaviours lindrical steel panel im subaitted to impulvive
- & pex explicit biar‘al strewe—strain relation=  1,,4ing (initial velooity) whioh is supplied by

ship for conorete in compreseion has also been an explosive sheet in ocontact with the metal.

incorporated in SLOOFSAN because it reproduces Piz. 2 shows I/4 model of the panel using only
auite well the inelastic dilatansy of conorete 20 Semiloof slements. High membrane and bending
near failure (4). This general constitutive e- vave propagstion effeots coour in the cylinder

ouation, developsd by Cedolir st al (I], is Sogether with a rapid plasticity extension.
obtained by axpressing the mecant bulk and

ahes> moduli of alasticity as non-linear func-
tions of the firwt two invariants of the strain
tansor oanlys

- concwrning the steel reinforcement, plasticity
is encountered in tension as well as in com
presaion. Koreover, looal stesl buokling in -
compressive regime,when ooncreie crushes, ie N
simlated by deleting the compressive ooatri- 2
bution of the reinforcement to the internal z TH
foroe vector. / ~
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The deformed shape ~f the cylindrical nanel
thows how the imprilsive motion involves wvery lar
&+ difplacements and rotationa, The highly aom-
linea? responee of the central def jotion vereus
time 18 quite different fros the elastic limear
Tesponse, Exoellent agreement with numerioal amd
sxperimental results, given in Ref. (3), is ob-
tained,

SOPR-NIBSILE / STHUCTURE INTERACYTON

The deacribed numerical technidle Lased om
srplicis dvnamic analysis using a s 3l]l formle-
tion im particularly suited % handle Mighly aem
linear problems of soft-mivsile impact on large
conorets structures. Usimg the Semiloof element,
relative coarse meshes are defined for the nu-
cloar reactor containment ™uslding impaoted bWy
an airorsft. The corpater nrogras SLOCYSAN per-
Rits an acourate detersination cf the nart{al da
sage °f the local impacted area as wvell as the
overzll behaviour of the remaining structure un-
der the induccd vidbrations. The impact of s civil
atroraft (Bosine 707-3201 on the dome and the la-
teral wall of the reactor containment has been
already presented in a previous paper by the au-
tkor (3).

Por the complete )}-D problem of the reactor
Wilding loaded laterally, the effeots of incor-
perating the dead veight or a little tensile
atrengih for concretes on the dynamic structural
response are shown ir Mg. ). The values for the
maximas horisontal displacement obtained jn 1i-
eear and non-lindar analysis are very olose to
the Teaponse values published by Rebora et al (7)
whe™s a more cowplex concrete mods! and solid
brick elementa have been utilised. In Pig. 4, the
daformed shaps and the crack pattern during the
airorart impact are illustrated, Concerning the
crack propagation, radial oracks apvear first du-
ring loading at the interior surface around the
impacted area, Than, radial and oircumferential
cracks appear at the axterior surface as well as

MEACTOR BUILDING NWALYSIS SLWSM hfw
LINEAR ELASTIC (3) |[4.0)/9. 0] 3. 2
mn—v.nnn (mxm) .47 )

&°%.8
Ln.ul (mm?\, 7.8 -
. nub VETGNT U
NOM-LIMEMR (CRACKING) | 9.13 -
L 8.0 o

(.) 1 CONCRETE TENSILE STREWSTH ! (f,
(3) 1 TG MESMES USED

F1G.3 ¢ VORIZONTAL DISPLACEMENT MUE TO ALRCAAFT
CRRSN (AT POINT 1)

DEFORRED MyeM

~

— |

CRMCr PATTIRAN

F16.4 1 NUCLEAR REACTIR BUTLDING
UNDER SOFT-RISSILE (AIRCRWFT) [APACT




through cracks in the iftpact 1one, A tangential
crnok ApneAr also at tha cortainmant bane after
the impact. SLOUF3AN analysis is fulfilled with
the complete Xnowledge of Lthe prrinoipal ontresses
in every p'nce of the struoiure ia doth the con-
crete ard the stesl reinforcement. In this cal-
oulation, only multiaxial crackiny appears with-
out any concrete crushing nor atee! yielding,

CHINSEY OOLLAPSE CAUSED BY ATROKAPT COLLISION

The dynamic response of a tall chimney im-
pacted by difforent aircrafte (military and ci-
wil) iw atudied using the pressnt }-D shell mo-
del. The scope of using the shell formulation
is R0 examine the effects of all the non-linea-
ritie® incorporated in 3LOOFSAN and to under-
stand the dymamic failure modes obtained by rn
explicit tims integration approach. The airoraft
1sading funotions for the ailitary airoraft
(Phantom P~4%) and the oivil airoraft (Boeing
707-320) are defined in Pig.5.

A preliminary linear elastio analyeis for
the Doeing crash shows a well-known deflection
sode with a maxisus horizontal deflection at the
top K of 5 m. , as shown in Pir. S.a .

A complete diffe-ent deflection shape ia
obtained, in Pig. 6.b , for the noh-linear im-
pact of the same civil aircoraft. Due tc this
fast transient phenomcna, only the impacted a-
rea is completely damaged with looal berding
failure mode at the top but without any loss
of banding rigidity at the ehimney base, large
rotations and hocisonta’' disolacements are obd-
served at the top (H greatsr than 45 m.)

For the femter military airovaft nollieion,
a more severe disintegration of reinforced oon-
crete with & more proncunced shesr failure mo-
de {8 obtainsd, as shewn in Pig. 6.c . The de-
fleotion at the top H exceeda the 40 m,
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These highly non-lincar analyses do Ant ter-

minate when the finite eloments start to bs Alm-
torted, ss ahicxn in Pir, 6, but the analysin can
be oarried ¢n until the intarnal resisting foroe
veotor vaniehes completoely in the tmmoted area,
in oressnce of s total material disintesration .
Por the presont struotural bshaviour simlation,
all the disintegration factors { concrete orack-
ing, conorete orushing, stesl yielding, local
stesl Mickling ) have been sncountered.

Unfortunately, no particular post-orocessor
was available to oorrectly visualise the real
local ohimney collapss. Becauss,with the use of
the pressnt explicit non-linear dynsaic analysis,
the nodal points with their masc and veloocity
but without resisting foroes { or eprings connec-
ting all of thea together), are moving away and
down (aravity field) like in the reality.
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‘ FRACTURE DIAGNOSIS IN STRUCTURES USING CIRCUIT ANALOGY!

The Untversity of New Mexico
Albugquerque, New Mexico 87131

ABSTRACT
The paper uses the Kirchhoff's equations for
the T- and R-circuits to analogously simulate the
Lbeam vidbration. Structures formed by straight
beam segments can then be simulated dy electrical
meshes farmed by T- or R-circuits. In the paper
the analogous Circuits are also developed ror the
cracked beams. The natural frequencies of the
circuits thus yields the natural frequencies of
the structures with or without crxk. In the
inverse application, the change in frequencies
leads to the locaticn and ascessment of the frac-

ture damage of the structure.

The paper developed, specifically for the
a-circutt, a formalization of establishing the
characteristic matrices. The standardized format
makes it possible for adaptation to computer
prodgraming. An  estimate of the algorithm s
inc tuded for comparison of its advantage in the
speed of cmputation’.‘

1.0 Introduction

The diagrosis of fracture damage in struc-
tures may involve two steos: The first is the
detection of the presence of damage, and the
second is the determination of the location and
intensity of the fracture [1]°. The first step
requires monitoring of some variables associated
with the structyre, he second is related to a
quantitative interpretation of the first, In this
paper the variables to be monitored are the first
few moda) froquencies of the structure. The data
on changes =f frequencies are used for the estima-
tion of the location and the intensity of the
fracture damage, The classical modal shape of
bean gscillation is employed to discretized the
mathematical model, which (¢ analogous to the
¢ircuit equations describing the T- or R-circuils,

Keropyan and (hegolin [2] surveyed the work
done on electrical analogies for solving problems

lyne paper s 3 part of ti: research sponsored h;
AFOSR Contract Mo, 81-0086A,

2gesearch Assistant, Mechanical Engineering Dept.
3professor, Mechanical! Engineering Dept.

SAssoc. Professor, Civil Engineering Dept.
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in statics and dynamics of elastic structyres,
Their approach to fraseworks with sideswdy in-
volves efther an iterative or a three-step proced-
ure in solving the horizonial displacement of gir-
4:rs and is analogue-computer-oriented. In this
paper, a modified and improved approach is devel-
Jped, that is readily formaltzed and adaptable to
digita) programming, When the method is applied
to free vibration of multi-story multi-span frame
structures with or without cracks, natural fre-
quencies of the analog circuit, hence modal fre-
quenc ies of the frame with or without crack, can
be determined by exciting the circyfit with a vari-
dble frequency excitation, and by establishing the
excitation frequencies at which response s maxi-
mam.  Analytically this corresponds to finding
zeros of a determinant., Multi-cell structures and
structures with crack wil) be illustrated in the
application.

2.0 Circuit Anatogies

The classical modal shape y(g) of a single
section of a straight beam is:

y(€) = Acoshsg + Bsinhgf + Ccospe + Dsingr {1)*

where 3° = pwll“/EL, o the lineal density, u the
modal frequency, L the beawm element length, (£}
the beam stiffness and { the dimensionless length
such that the two end points are £; = 0 and ¢, *
1. The set of slopes {y), y;) and shears (¥, V3)
can be expressed in terms of the set of resisting
moments (Mg, My) and deflectiony (y,, y»] as fole

Tows:

) 15 0 s T e
'r’x 2GR + NS ol o f"z
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Susbers in parentheses denote the equations in
this paper.
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where P £1 0'/L% S'= (coth a - cot 8)/28, T =

{cse @ - csch g)/28, . plcoth 8 + cot g)/2, T
v plcsc o @ cseh 8)/2, The first two equations in
(2) con be written as

_yi-(lolo)n;-loﬂzo(ll

3
5yt UMy - (29200 M, ¢ 6y )

where 7 -{S e TIUEL, 2o = LT/EL, €, » (T'y, -

Sy )L and By = (S'yy, - Ty )L, Equetions (2)
are the Kirchhoff's equation for the active thri -
terminal network shown in Figure 1, In this elec-
tremechanica) anflogy, moment and slope (M, y')
are analogous to the elevtrical current and vol-
tage, respectively. The coefficlents, 7 and E,
sre respezlively the impedance and the potentia?
seurce.  The negative impedance shall pase no dif-
fFiculty in tre theoretical development. The natu
ral freguencies, herce the modal frequencies of
the analog frame, can be aetermined by exciting
the circuit with a variadle frequency excitation,
and by establishing the excitation frequency at
which response ts maximum, With reference to fig-
ure 1, a simple ~mtilever beam prodlem cas be
Nustrated. T™e left part of the T-circuit is

shorted, resulting in y o 0, corresponding to the
built-in end. The potentials E, and [, are com-
puted based on y, = 0 and V; = & the last equa-
tion of (2). At modal! frequency when a ccnstant
amplitude voltage cf y; is input, W, diveges.
The analysis becomes one to compute the zeros of

the network impedance function 2, = y}lﬂg.

Modeling the cracked section in a beam shal)
follow the method of fracture hinge {1). The
track ic mechanically repreiented by ) lorsiona!
sprang of spring constant «, Slope s thus dic-
continuous 8t the cracked section (ay' « W/«).
Such discontinuity in the circyit analogy s re-
presented dy a voltage source of magnitude K. /«.
The two parts of the beam, divided by the cracked
section are each represented *y a Tocircuit as
shown in Fiqure 2. The other continyity condi-
tions are satisfied,

when the first two oquations in (2) are
inversed. we have tiis:

( ¥ ’_L L ' [ {0
" R - )
L L
M A s op s iy
2¥‘ €1 ’2 [ [} ) 2*‘)
) v 2 5 8 Ltp
1 T 19
v [ 8 o 8
va,d LY S tp ‘tp__ !2’

where S » (cosh 8 sin B - sinh g cos 8)/a, T =
{sinh g - sin g)/a, F = {(cosh 8 sSin p ¢ sinh ¢
cos 8)/a, $' ~ sinh B sin $/a, V' = (cosh 8 -
cos 8)/a, P' = (sinh 8 ¢+ sin p)/a, o = cOSP 8
cos 8- 1. The first tw equations in (4) can be
rewritten as

AR E-

M 2 (6GeG)y -Gy o!

: G 1 02 1'
(s)

"'Gy'-(G‘f-‘;y'0l‘

2 o1 0 2 2

where 6 = (S + 1) El 8/L, Gy = -TEL g/L, 1) =
Sy - Tyy) B, ane 1 s (S, - Pyg) EL
L% Equations (8) are the Kirchhoff's current
equet fons fur the active three terwminal network
shown in Figure 3, In this lattromechanical
analoyy, moment and slope (M, y') are analognus to
the electric cuvrent and voltage, respectively, 6
wd v aanta tha sAmittinsac and bhe comoast
sources, respectively, The negative admittance
poses o difficulty in the theoretical develop-
-ent

A single cantilever beam prodblem can be
illustrated with reference to Figures 3 and 4.
The left port of the f-civruit {35 shorted, result-

ing tn yy = 0, corresponding to the built-in end.
This yields the circuft in Figue 4, The current
source [, is expressed in terms of the node vo!
tage y,, based on y, = 0 and ¥, ~ 0. The node
equation produces S - S*2/P + 0 which .5 the char.
acteristic equation for the cantilever bewm, It
must be noted that Lhis analys's does not hoid for
the clamped-c Vamped deam since a defined above is
itself the characteristic equation for the
¢ Yowped-c 1amped beam.

Similar to the T.circuit anatogy, slope is
discontinuous at the cracked section (ay =
M. /x), giving rise to two more unknown slopes.
Such discontinuity is represented in the analoq
circuit by an admittance of magnitude -«, The two
parts of the beam, divided by the cracked section,
are eXh reprcsented by a R-circuit as shown in
Figure &, The ather cont'!nuity conditions are
satisfied,

3.0 Generial Two-Dimensiona! Frame Structure

In a generic model of a two-dimensional
multi-storied frame, for which there are n-stories
ard m-spans (thus m + 1 anchors), the analogous
circuit network contains n{2m + 1) interconnectiry
Tecircuits. If there is a crack on any girder or
any ¢column, the nunber of T.circuits will ‘acrease
by one. T™e magnitude of computation for modal
frequenc ies involves principally the inversion of
two matrices of orders (3w - n ¢ 1) and (n)
respectively. .- .

In representing beam-frame structures, 1B-
circuits corresponding to individud! colums and
oirders joining at right angles are intercoanected
such that boundary conditions at the analog-frame
joints are observed. Kirchhoff's current law fis
witten in terms of the node voltages which cor-
respond to the angles of rotation at the frame
joints, Under free vibration the coefficient
matria mys? be singular, and 2zeros of its deter-
ninant yield modal frequenciec of the frame struc-
ture. Order of the matrizx 1. equal to the aumber
of frme joints. For each crack introduced in one
of the beam elements, order increases by two,
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Order of the matrix involved for an n-story,
m-span frame i¢ thus n{m + 1); nlm + 1) + 2 if
there is @ crack on any girder or column, The
noi'e eqsatior can be established as (| - )('r

Shaby =-thet.Xisnbyn(m+l). andZts
of order' n (n + 1 Ly n(m + 1) + 2, and of crder n
+ 1 respectivaly in the presence of a crack). The
coefficieat matrix (U - XTI 2-U X} is symme-
tric. A step-by-step schemafic procedure will now
be described to compute the entries of the indivi-
dua? matrices without drawing any equivalent cir-
cuit. Reference will be made to Figure 6 which
illustrates a twn-dimensional frame with and with-
out crack. For simplicity m = i, n = 2, and uni-
for.: properties are assumed, With reference to
Figure 6, eacn bean element is identified by a
number.  The numbering order begins at the left
fowest column, proceeds up through the columns on
the same line in n stories, returns back tc the
second anchor, proceeds up vertically, and in that
order, Once the columns are finished, girders on
each floor are numbered progressively from left to
right starting with the first floor and continuing
on with the upper floors. Quantities related to a
bean element such as S, T, S', etc. are sub-
scripted by the number of the element. The node
s numbered by the column under the node. If
there is a crack 2n 2 columi (girder), the origi-
nal nunber of the element refers to the upper,
(right) side of the column (girder) which is now
represented by two beam elements, The lower
{left) side is numbered following the largest num-
ber ir the scheme. Due to discontinuity of slope
at a crack, two new nodes are created on each side
of the craxk. In Figure 6b, cracks are repre-
sented by conductances -1/goy, where & = ElfLkg

is the sensitivity parameter [1] based on charac-
teristic -ength L.  The follnv,u staps will be
presented in two parts

3.1 Frame Without Cr.a{;k {Figure 6a)

As a guidance z and y vertors are arranged

as y o= lyy yz2 ¥z nlt 2 {1 217 where y,
and"y, are the horizontal sp\acements of nodes 1
and 3, and 2 and 4, respectively.

1) To establish U:

a) diagonal entries ujj corresponding
to yj will be the sun of S values of the ele-
ments adjoining at the node i,

b) . off-diagonal entries u}j'. will be Ty

if ith and jth nodes are adjarent and kth beam
eiement links them. OCtherwise, wjj = 0. Due

to symmetry, ujj * Uji.
2) To establish Z:

a) = diagoral entries 2553 wiill be the
sum of @ valuez ot all the girder elements ir
the ith flioor sius vhe sum of P values of all the
columns adjohing at the ith floor, where gy Can
be expressed in terms of g of the reference ele-
ment as, fx = eh.
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b) cff-diagonal entries 24, 41 will be

negative of the sum of P' values of all the cul-
umns Joining ith and i+lst floers. zj; = O for

3 >4 + 2 and 245 = 255. 1 S hence a tri-
diagonal symmetric matrix.

3) To astablish X:

X is partitioned into m + 1 square subma-
trices of order n each. Namely,

lvl
X ey,

a) diagonal entries “'1(1 . Sr'r(k-l)ﬂ -
' . K .o )
Sa(k-1)+i+1r 1 = Loeosn - 1 and x3 = 53,0 Refer

ring to Fiqure 6a, x'h for the kth *wall*, wall
denoting the union of all the columns on the same
Yine, is equal to §' value of the column under the
node n(k -~ 1) + i mirus §' value of the column
above the same node,

k 3
b) off-diagonal entries Xy, 541

for 1= 1,2,...,n - 1, xk = 0 for

A
for i ¢ §. ik are thus tri-

Tl 1)nein
; k

J2>2and X3y 3

diagonal matrices. Referring to Figure 6a, x'; i+l

is equal to the negative of the T' value for the
column above node n(k - 1) + i,

3 WX

-

Xtz X is thus in the form

~

i Yy ettt Y
T
_ Yo Y :
X LoX=f ‘. :
gl
3, me1 L 1,me1 |

(6)

where Y = (1_i ) Z._'l _)‘(.j are symmetric matrices of
order n,

Based on the aBove procedure, the following
matrices are obtained for the frame in Figure 6a:

S, 45,8 T, T 0 °]

1, 5, ¢ S 0 T

e T 0 S;eSgeSs T,
B ] !6 s S& + S?J
(n




[

By Py e Py eyt By P -0y

L (8)
| PP et Pty
5 - i NI {

X | (9
B $5 1T 5

3.2 Frame With Cracks (Figure 6b!
y' and y vectors are now given as y' = [y) ¥;

1) T " - T T

Y3Ye Y2 Y2 ¥a Ysl's 3 = Ini 2 y7 yel' where y;
and yp are the deflections at the two cracks,
Node equations corresponding to nodes which are
not adjacent to a cracked element will remain the
same relative to the previous case. The new
matrices will be of the form

-

1A 1i¢
S B s KPR e K
Al £l
Fz. w i £ J 52]
L } t . (10)
13} !Lmli!lldz.]

where barred matrices are aodmed forms of Equa-

tions (7)-19). ith row tn Q is unchanged relative
to U ff the {the node is not adjacent to a cracked

element. {ith row in Z remains the same if there
ts no crack on any column adjoln!ng with the 1th

floor. L is the sne lS% 1f there is no rack
on the kth wall. Fy = 0 If there 15 no crack on
the kth wall and on any of the girders adjacent to
the kth wall,

Following the procedure in Part 3.1, the
submatrices for the frame in Figure 6b are
obtained as

S ¢S+ T, 0 0
T, S, ¢ S 0 T
I '
0 0 S;4S,+5, 0
0 T 0 SitS
6 4" %
L -
i (1
0 0 T 0
o 0 o0 o0
A ’
Lo oooT
0 T, 0 0

S; - My LA
LN S¢ - M
B=
~ 0 0
0 0

where My = 1/p8;.

(54 0#P Py 0P5%Fy <P
1- 'O
L -Pl. sﬁw:w‘ -P; 0
(13)
A 0 _ $3-5; 0
2 L] . ) oI L . )
] 0 P‘,’ﬂ’8 0 S‘
(14)
Io o] T 'TJ o
“'1 * ) ' &2 : t * 'E'l - T
T8 0 -T5 0 ] 0 N
{15)

[ 7 'Si] o 0]
Fr20,H = 16
AR NI 1., 5

S8

The [requency analysis applied to a two-story
single-span frame with six equal length elements
and with data of relative changes of 0.010 and
0.015 in the first two frequencies respectively
ylelds, under the assumption of presence of single
crack, four possible damage pairs: (8;, e;) =
(0. 108. 0.906), (0;, €;) = 0 182 0.816), and due
to symmetry, (8,, &) = (0.108, 0.906), (0., &) =
{0.182, 0.816), where e, indicates relative crack
location measured from the lower end of each col-
umn. The crack is thus on ors of the colums. In
order to determire the actual damage pair within
symmetry, relative change in” the third frequency
is required. (o), e7) and (0, e;) would produce
relative changes of 0.0074 and 0.0155 respectively
in the third natural frequency. It may be argued
that if the relative change in the third frequency
could not be measured, then it must be small and
thus (o, e7) or (8, e7) is the Tikely damage pair.

4.0 Conclusions

Use of circuit analogy in computing model
frequencies of 3 two-dimensional multi-story frame
with or without cracks on it has been develsped
into a formalized method. The method enables the
study of effect of cracks on modal freauencies of
frame structures, as well as determination of the

4o
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location and intensity of a crack, given suffi-
cient number of modal frequency changes. Computi-
tion of modal frequencies of an n-story m-spin
frame with k cracks on it requires finding zer)s
of a determinant of order n(m + 1) + 2k. In the
finite element method, using generally required
twenty elements per basic beam segment, there are
40 n(m + 1) nodes each with two degrees of “ree-
dom. The size of computation savings f§s sImost
40-foid. However, using circuit analogy in deter-
mining the location and intensity of a crack may
involve n{2m + 1) computations of zeros of a
determinant of order n(m + 1) + 2,
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ABSTRACT

- *“The response of a simply supported beam to uni-

form blast loading is determined by using the
normsl-sode technique. Especially for short load
durations the higher modes become important. The
rotary inertis and shear force deformation have
to be taken into account. At short load durations
high peaks of shear force appear near the supports
imsediately after loading,

>

1. INTRODUCTION

In_literature such as TH 5-1300 [1] and Biggs

(2] the starting points for the design of explo-
sion resistant constructions are the static
shapes of deflections of the construction paics
and the static force distribution.

For the dynamics usually 2 dynamic load factor

is intvroduced. Experiments show clearly, how-
ever, that dynamice is more than just statics
multiplied by a DLF. Plates that are simply sup-
ported at two opposite edges and would collapse
in the niddle in the event of static loading,
appear to collapse close to the supports some-
times when exposed to a uniforaly distributed
axplosion load,

Apparently not only the amplitude, but slso the
shape of the deflection, shear force, and bending
moment diagrams are influenced by the loading
ratc and the duration of the load.

To get more fundamental insight in the dynamics
of explosion loaded plates a theoretical study
has been performed of the behaviour of an ideal~
ized siwply supported elastic beam.

The bean will be -ubjccnd to an uniformly dietri-
buted dlast load, i.e., the time variation in the
load is the same at any point x.

The blast load is simplified by a peak thmguhr
pulse of varisble duration.

2. BERNOULLI-EULER BEAX

It is obvious to start with » simple prismatic
flexural bean that has uniform density p and has
constant stitfness “I. The governing equstion of
wotion during elastic response is the following
vell-known equation [J

EIW""(x,t) ¢ oA "\X.l) - q(l.t) (1))

This equstion t#l.es into account transverse in-
ertia and bendiny deformstion. To solve this
equation we use he normsl-wode technique [3].

DYNAMIC LOADING: MORE THAN JUST A DYUAMIU LOAD PACTOK

W. Karthaus and J.¥W.Leussink

Prins Maurits Laboratory TNO
P.0.Box 45, 2280 AA Rijsvijk
The Netherlands

Expresa the transverse motion W(x,t) as the product
of a time functiuz C(t) and a displacement function
P(x). For free transverse vibration (i.e.,

q(x,t) = o) each displacement function F(x) des~
cribing onc of the normal modes of the beau gives
a solution if G(t) is chomen as a periodic function
with a period that corresponds to the mode under
cynsideration.

'l‘hull’(x)-lin-—— mdc(t)-ASmut*

+ lnCownt ne=1,2,3,...

with "’nz = phet ;%{1 which gives for W(x,t):

W(x,t) = t Sin 31X 2 (A Sinu te B Cosn t) )

A particular solution of eq. (1) can be found by
splitting up the load function q(x,t) in fuaction
corresponding to the normal wmodes as well:

q(x,t) -n:l Qg (x.t) = n:l Sin 2!-‘- Q) %))

The complete solution of eq.(1) can be found by
comhining the calculated responses for every

(x,¢).

e constants A, and B, are estahlished from the
initial conditions. When the displacement W(x,t)
is knoun the bending moment M(x,t) and shoar force
D(x,t) can be calculated by the following equations

M(x,t) = - Ei ¥"(x,t) and D(x,t) = W' (x,t) (&)

Calculations have been m~de for several response
durations [4]. Interesting respounses are found for
the extreme vclues of the triangular load, namely
the step load snd the impulse lcad.

Results of the step load are as follous:

As for the deflection, the bending moment and the
shear forces, the maximum values "are dominated by
the st mode response. Immediately after loading the
influence of the higher normal modes are percept- |
ible, but the corresponding respnse values are small
kesults of the impulse load are as follows:

The deflections can be calculated and have the
shupes as illustrated in Fig. 3. The dending moment
calculations yield quite vhimsical results, which
cannot be clarified. The influence of the higher
nodes 1s very apparent.

For the impulse load it appears not to ba possible
to calculate the shear force. The series for the
shear force does not converge.
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As a result of the calcu’ ations it can be said that
for iong load duration the first normal mode domi-
nates the beam response i.e., for response calcu-
lations methods as given in l\] and[2f are useful.
For very shert load durations deflections can be
calculated, but the calculation of bending moments
yields doubtful results. High natural modes have
to be taken into account, which mean that the in-
fluence of rotary inertion and shearing deformation
cannot be neglected,

To enable the calculation of the beam response for
short load duration a more complicated equation

of motion is needed.

3. TIMOSHENRQ BEAM

An equation of motion that takes into account the
influence of rotary inertia and_shearing deform
ation is given by Timoshenko [3] Fig. | shous a
free body diagram of a beam element.

x T=pARdY (Sa)
F ¥ . Reo I¥dx
Prxe

D=kAG(W'~¥) (5b)
l wo| # | w2e we-EIY
R ¥
(N A R
W N 0. 30 o

Fig. ). Free body diagram of beam elewent

The equations of motion are derived from the equi-
librium eruations for forces and woments which
after filling in the relation (5a) and (5b) result

in
2
o (10 Eyiite EA U o g EL v 2L &
EIW""+p AR oI(IokG)ﬁ * e We=gq e e 8
(6a)
and
' E 921 e
EIN™ + pA¥- pI(I+ )V + = W = ¢ (6b)

Parameters W, ¥, D and M are functions of x and t.
Tc establish ¥(x,t), D(x,t) and M(x,t) we have to
solve eq. (6a) and (6b). And here again the normal-
zode technique described before is used. The deter-
mination of the frequencies of the normal modes
produce two sets of natural frequencies’(see Fig.2).
This means that for each value of n there are two
different frequencies. Analysia of the nature of-
the types of motioms corresponding to these two
sets of freguencies show [4] :

The lover frequencies in the first set describe
mainly the bending part in the response and the
higher frequencies ia this set describe mainly the
shear part in the response. L2:nerally speaking this
sét of frequencies describes the transverse motion
of the response.

The second set of frequencies originates fron the
coupling term for rotary inertia and shear force
deformations in the equation of motion. The combi-
nation of this set to the response is equal for
bending and shear but the corresponding displace-
ments for shear and bending are always opporite in
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phase. This resultes in a more longitudinal type of
motion in the beam response.

oL g
- ] ’l

Fig. 2. Natural frequencies as function
of n [lo]

From Fig, z it is seen that for the Timoshenko beam
the frequencies of the higher modes are proportio-
nal to n, the number of the mode, instead of n? in
case of a Bernoulli~Euler beam. This means a better
chance for determining the impulse response,including
shear force, because the geries will converge better.
Response calculations [é for the impulse load
yield the deflection, bending moment and shear
force diagrams shown in Fig.3.

The parameter values used in the computation are:

E = 30.10%, p = 2400, v = 0,2, K = 0,845, % - 20.

The deflection is given for time steps At =~ 2—‘;0 T

vhere T) is the duration of the first mode.

The bendipg -oments and shear forces are given for
t = 1,6.105 1), 0,0006 T;, 0,005 Ty and 0,0195 T,
respectively.

Letter n denotes the number of natural frequencies
that are taken into account. As unit for the scale
is chosen the maximum value of deflection, moment
and shear force respectively when only the first
mode is taken into account.

Worth noting in Fig. 4 are in the first place the
high shear force peaks at the supports immediately
after loading and secondly the disturbances in
shear force and moments that run from the supports
to the middle of the beam, The velocity at which
these peaks travel is sbout 2075 ms~! [4], which
equals the Rayleigh wave velocity calculated from

- T l.lav + 0,862 ',% [5]

1 +v

with G = 1,25,1010
ve0,2
p = 2400

This is a very promising result because a velocity
of the order of the transverse wave velocity is
expected.
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Fig. 3. Deflection, bending moment, shear
force diagrams

4. DISCUSSION OF THE RESULTS

Questions that remain are: what is the influence
of the damping on the results, and how close is
this approximation to reality.

Damping: Especially for the shear force calcula-
tions which need a high number of natural frequen-
cies [4] damping may be an important factor. The
important peak values at the supports, however,
appear immediately after loading so that damping

.does not have any influence here yot, In the middle

of the beam the pesk values may be a bit lower as
8 result of the reduced influence of the higher
modes (Msterial demping in concrete - 0,01 for all
frequencies [6]).

Validation of the theories: The validity of the
theories are judged on the basis of an example.
Suppose a semi-infinite elastic beam having a cir-
cular cross-section with radius a. Yor the wvave
velocity ¢ of a harsonic disturbance placed at the
beginning of the beam an exact solution for ve0,29
is available (kuown as the theory of Pochhasmer and
Chree [7]). The vave velocity is also established
vith both the Bernoulli-Buler and Timoshenko
theory.

The wave velocity appears to be dependent on the
frequency of the disturbance, The Bernoulli-Euler
theory yields one dispersion relation, Timoshenko
tvo, one for each frequency set, and Pochhammer-
Chrec give an infinite number of dispersion rela-

ti

ons.-

The results are presented in Fig. 4. It shows the
dispersion relations of Bernoulli-Euler and Timo-
shenko and three of the Pochhammer-Chree relations.

!
- JEMOULLL. EULEA L

TIMOSHENKD 2

~-2.

POCHOMIONER - CHAEE )
L PUCHRAMMER . CMAEE 2
TMOLENKE 1

\ POCHMAMMER . CHREE 1

0

o a7 ox as 08 w2 1
-

»le

Fig. 4. Wave velocity as function of wave length

From Fig. 4 ve learn the following:

o

It
.

Lo d
.
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si
te
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For increasing frequency values the B-E wave
velocity reaches infinity. This means that high
frequency disturbances are transmitted instant-
iousiy, Only very low frequencies coincide with
the first P=C curve.

The fivst P~C and tirst T wave velozity curves
coincide and have as asymptote the Rayleigh
wave velocity [4].

The second T-curve envelopes the other P-C
curves and has as asymptote the longitudinal
vave velocity C, (velocity of sound).

can be concluded fron this exercise that:
BE-theory gives proper sclutions for dynsmic
loads that are governed by lov frequency compo~
nents.

T-theory can be applied in 2'! _aves. The meas-
ure in vhich this theory is exact is determined
by the cantribution of the second frequency set
to the solution.

lculations with the Timoshenko-theory applied to
wple beams show that the responss is mainly de-
ruined by the first frequency set. The influence
the second frequency set is strongest in the

determination of the shear force. The difference
in maximum shear force values calculated vith or

wi

thout the second frequency set, however, is less

than 4 percent '
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CONCLUSIONS

For load durations ty > T, the first mod. is
governing the response.-Methods for responst
calculations as given in [1] and [2] can be usxd,

For load duration tg < T| higher modes have to
be taken into accoumt.

For very short load durations tg << T, veryhigh
sodes become important in the bean response.
Rotary inertia and shearing deformation have to
be taken into sccount,

. For short load duration peaks in sheay force

appear near the supports. These jeaks are s
qualitative explanation of the deviating fail
behaviour mentioned in the introduction.

To be able to design for these high shoar force
peaks it is necessary to know the material be-
haviour under extreme deformation rates.

Thanks to the aid of the computer the analytic-
al solution derived earlier leads readily to
surprising results, which with the finite ele~
ment methods which are frequently applied at
present cannot or can hardly be determined.
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H THE EFFECTS OF INDIRECT-FIRE MUNITIONS
ON FRAMED STRUCTURES
' O
Bruce L. Morris
o and
Patrick N, Zabel
Southvest Research Iastitute
Q San Antonisa, Texas
" ABSTRACT TABLE 1. CRITICAL MID-NEIGHT LATERAL DEFLECTIONS
\
This paper reports an effectiveness evaluatiou
of the use of indirect-fire munitions against siecl- c::mﬂ Steel ::1:““ (‘“:::::e“ Colwm
and reinforced concrete-framed structures in an
urban environment. Effects include collapse of m 5.4 6.9
coluans due to lateral blast loads, crushing of er * .
colusna by vertical blast loads, response of inter- xterior 5.8 10.7
ior snd exterior walls to blast and frazments,
resp of per 1 to blast overpressures and Interior 1.1 12.6
wall dedris, and the formation and location of ’
rubble caused by the detonations of these munitions J The response of any of these coluans to a
- lateral, time-varying load is dependent upon both
“TYPICAL" STRUCTURFS the peak pressure or force and on its duration
{impulse). Tsodamage curves (relating the peak
Two “typical® office/hotel structures, each pressure and impulse required to provide the criti-
200 ft by 200 ft in plan and ten stories tall, were cal deflections of Table 1) vere generated for a
designed using reinforced concrete or steel struc- point load at mid-height of each of the si{x column
tural frames. Columns were spaced at 20-ft centers types. Since a blast does not produce a true point
in each direction vith a floor-to-floor height of load, the pressures were assumed to act over an
12 feet, and the designs vere governsd by References area equal to the exposed width of the column
1 aul 2 for the concrete and steel structures, squared. These curves are displayed in FPigure 1.
respectively. thile the requirec column sections A pressure/impulse pair talling above and to the
vary through the height of the structure, the first- right of a curve will produce a nid-height deflec-
floor members are considered typical of all stories tion greater than that specified in Table 1, while
for ease of presentation. For the steel structure, & pair below and to the left will produce s smsller
the corner, exterior wall and interior columnn deflection. The curves for the asteel columms re-
are ¥8x67, W12x106 and Wléx21) sections, respective- flect bending about the weaker axis of the saction.
1ly. The concrete corner colusn is 12 in. square
with 5.08 8q. in. of steel reinforcement, the All of the munitions selected for evaluation
exterior columna are 16 in. square with 10.2 sq. (the 105 mm HE M1, the 155 sm WE M107, the 8-in.
in. of steel, and the interior columns are 22 in. HE M106 and the 4.2 in. moctar HE MI29A1) are
square vith 15.2 sq. in. of steel. capable of producing the required minimum impulses
shown in Figure 1, but the required stand-off dis-
COLUMN RESPONSE T0 LATERAL LOADS tance from the loaded surface of the columm is at
wost six inches. A blast this close to the column
An explosion between building floors will requires some means to assure detonatior of the
produce a lateral load and deflection on the col- shall at that location, but no such wechaniem
uins betveen those floors. If the psrmanent deform- existe. A divect hit is then the only way to
ation of the column. 4, is great emough, the dead destroy & column. .The likelthood cr probadility
and live structural loads, P, will cause collapse of achieving a direct hit on the selected columns
of the column because of 1ts inability to rvesist by any -of the mnitions adbove s, at best, a func-
the nov-combined axial load and moment produced by tion of the probable errors (a round-to-round
the deflection. The critical, mid-height deflec- veriation for a fixed aim point) in both ramge and
tion of the steel sections was calculated from deflection, Neferences 3 through 6 provide these
: 1.18 % data for a chosen vange of fire of 5000 meters.
ae P (- L) The number of rounds required to achieve & 0.95
[] Py probability of hit om a single column was calculat-
i ed and vesults are presented in Table 2. It must
vhere the moment capacity, My, vas deterained for be pointed out that these results assume that there
the veaker axis. The rveinfotced concrete columns by buildi which vould 4. ¢ fth
were analyzed using conventional interaction dia- are no meardy Sui.dinge which vould intarfere vit
grams. These critical Jeflections are summarized incoming rounds and that the valls and upper floors
1n Table 1 of the structure under attack do not shield the
. * interior colums. We also assume that none of the
* prrjectiles sre duds. Nome of these conditions
55
S

|



10000

LRI T IR BN L O T T LI
i Symbol Column j
9 Stesl, Corner
- Steel, Exterior B
5000 F Steel, Interior i
i Concrete, Corner
Concrete, Exterior
. Concrrte, Interior A
Peak
Pressurc
(psi)
1000 }-
=3
L
500 Ucdemmdhnded | ) [ | I Y 1@ L 1 A 1
5 10 50 100 500
Specific Impulse (psi-sec)
Figure 1. Isodamage Curves
TABLE 2, NUMBER OF SHELLS REQUIRED FOR A 0,95 PROBABILITY
OF HIT ON A SINGLE COLUMN®
Stee! Columms Concrete Columns
Shell Corner Exterior Interior Corner Exterior Interior
105 wm 586 403 35% 40} 355 236
155 mm 564 393 324 393 34 233
8-inch 276 188 157 188 157 113
4.2" Mortay] 6240 4340 3608 4340 3603 2603

would exist in a real structure and with real pro-
jectiles; therefore, the number of shells required
would be much higher than those showm in-'Table 2.

COLUMN RESPONSE TO VERTICAL LOADS

An artillery round detonating between floors of
& framed structura vill produce vertical )oads on
the columns supporting the floor slab and beams near
the detonation point, Thece vertical loads are the
result of the reflected pressure from the shell and
of Lthe quasi-static pressure buildup in the room in
which the axplosion occurs. Venting through vindows
is treated. This quasi-static pressure iz a strong
function of the volume into which the explosion pro-
ducts expand, and this volume is determined by the
strength of the iuternal valls (weaker walls will
be destroyed by the initial blast and will cause a

lower qua .i-static pressure as the gases expand in-
tc adjacent rooms). While the columms immediately
under the detonation will likely crush, the columns
vhich support them are protected somsvhat in that
the maximum load vhich they must resist is limited
to the carrying capacity of columns above them. Emx
tensive structural collapse from an {nternal detona-
tion 1s thus possible but will not be discussed fur-
ther because of the many unknowns vhich affect the
pressure loadings.

RESPONSZ OF7 INTERIOR AND EXTERIOR WALLS
TO BLAST AND FRAGMENTS

Exterior walls of framed structures serve pri-
marily as an environmental shield and are not part
of the load-carrying systom of the building. They
range in thickness from a heavy brizk-and-block com




bination to relatively light panels of glass, metal
or other material. Interior walls vange from nomi-
nal dry-vall construction to 4 in. hollow tile and
plaster. Reference 7 has given an average room
size for these structures of 13 ft by 20 fe, If
one of the previously listed rounds detonatcs in
the center of such a room, any of the adove walls
will be removed ty the resulting init{al blast and/
or quasi-static pressure. There is the possibdility,
however, that the very early-time faflure of light
interlor walls would sufficiently increa,s the vol-
wne into which the quasi-static pressure expands
that the heavy exturior wall may s.and after the
detonation of &« 105-mm round.

The 105 wm, 155 sm and 8 in. HE shells depend
upon fragmentation for a major portion of their
effectiveness against personnel. The Gurney equa-
tion (Reference 8) predicts initial fragment
velccities of 2950 ft/sec, 3320 ft/mec and 3570 ft/
sec for these shells, respectively. An average
fragment weight of 90 grains is typical. Fragments
of this weight and the above velocities can perfor-
ate avall consisting of s total of tvo inches of plas-
ter and still have a residual velocity greater than
that required to penetrate winter clothing (Refer-
ences 9 and 10). These ‘ragments aleo have the
capability to perforate up to three or more drywall
partitions and still pose a severe threat to per-
sonnel in other rooms. However, the floor slabs
form an effective shield protecting personnel on
adjacent floors from fragments.

RESPONSE OF PERSCANEL TO BLAST OVERPRESSURE

The blast overpressure from a detonating shell
can kill or injure vearb personnel through any of
several mechanisss: primary blast (damage to sir-
contalning tissues of the lungs), cecondary damege
{iopact by objects which are accelerated by the
blast), tertiary effects (whole body translation
and impact on rigid surfaces), and eavdrum ruptare.
Secondary damage will not be considered further.
Rescarchers at the Lovelace Foundation (References
11 and 12) have developed pressure versus duration
lethality curves for humans due to pvimary blast
damage. These curves suggest that the initial
blast at a distance of 10 ft from any of the select-
ed munitions is below the threshold for lung damage,
but the quasi-static pressure from the 8-in. shell
in a 20 ft x 13 ft voom will resuit in lcs2 than
1% survival and the 155 ma shell will result in
1ess than 102 survival. Personnel have a 982 or
grester chance of survival from primary lung damage
due to blast from the 105 mm or 4.2 in. mortar HE
shells.

Blast overpressure and impulse serve to produce
whole-body motion and, if rigid impact surfaces are
assumed, an iwpact velccity of 10 ft/sec reprasents
a “mostly safe” level (Raferancis 12, 13 and 14).
The method developed in Refirence 15 indicates that
the velocity imparted to a 154-1b (70 kg) person
is such less than this "wostly safe” level.

Hirsch (Refeveace 16) has concluded that there
is a 50% rur .ure probadility of eardrums of exposed
personncl at an overpressure of 15 psi, and Refer-

ence 1) supports this value for "fast” rising over-
pressures vith durations of from 0.003 to 0.4
seconds. The threshold for eardrum rupture occurs
at 5 psi. The direct blast from a 155 wm, B8-1n. or
4,2-4n, wortar shell in the 20 ft by 13 ft room
exceeds the level for 50X eardrum rupture as does
the quasi~static pressure from the 105 sa rowid.

It must de observed that all of thexe blast effects
or injuries are in addition to the more lethal
fragmentation effects of the sunitions.

PERSONNEL RESPONSE TO DETONATION DEBRIS IMPACT

The impact and point detonation of an artillery
shell on the outside of a brick building wall will
probably produce brick-size fragments in the room
behind the wall., The velocity of these fragments
is dependent on the amouni oi explosive in the
shell, and the velocities for a 6.2-1b brick can
range from 138 ft/sec to 300 ft/sec for 105 mm
and 8 in. shells, respectively., The probability of
death (P) from projectile~-induced traums to the
thorax has been given in Reference 17 as

1
P T¥ expla + Sin(WVZ/WDY]

where M = projectile mass, grams
V = velocity of projectile, m/sec
D = projectile diameter, cm
W = mass of target animal, kg
a= 34.90
6= «4.39,

Combining the above brick mass and velocity wvith a
70-kg human target, the 105 wm, 155 wm and 8-in.
shells all provide a prodadility of death greoter
than 0.95 for a person struck by such a projectile.
There are, however, & very fev such projectiles,
and the prodbabdility of deing hit by ome is small.

FORMATION AND LOCATION OF RUBBLE o

Suscained artillery and serial bombardments of
World War Il produced enormous quantities of build-
ing rubble from the collapse of the load-bearing
brick wall structures which ware prevalent at the
time, Today's framed structures do not have the
amounts of meterial available to convert to vrub-
ble if one agrees that the floor slads of the
structures will not be destroyed and that emtire
ctructures should not collapse. Shell detonations
in the centeyr of a room behind the building exter-
for wvalls will probably (as shown earlier) rupture
those walls and propel the brick or other material
picces into the street belov, The maximum ground
range for a brick or dlock piece coming from the
top floor of our “typical® duilding is approxi-
nmately 25 feet, A 10-story, heavy clad structure
(brick and block exter.or walls) will have around
382 of its exterior surface covered by glass (Ref-
erence 7), and the in-place volume of the wvall
materials 1o 39 £2) per foor of etrest frontage.
If a 1.3 expansion factor is used to include the
effects of partly bizken blocks and if the total
exterior vall were blown out froa the structure,
the rubble volume vyuld be 51 ft3 per foot of
building frontage, Zach 13 ft by 10 ft room vall
section must be removed individually, The
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resulting rubble pile should be triangular in
shapr, extending 25 feet from the buflding base
and approximately & ft deep at the building wall.

The debris from a 1{ght clad structure (glaas,
wetal or other thin materisl exterior walls) can
consist of a number of relatively large-in-area,
thin panels. These walls have an average thickness
of 5.7 in. (Reference 7), of wvhich 4.1 in. is light,
non rubble-producing insulatfon. The expected
ground range impact distance is difficult to pre-
dict because of 1lifting or sailing effects on the
panels, and the expected rubble depth should be
less than ‘ae foot. Such walls would produce
trash instiad of rubble, Trash would not be an
effective barrier to vehicular travel,

These rubble distribution patterns are based
on wall fatlure under the effects of the direct
blast from a shell detonating at room center. If
a super quick fuze wode shell hits the outside vall,
the debris will be blown {nto the building and will
not contribute to the rubble in the street below.
If the vall shc.1d faill under the quasi-static
rather than ini:ial blast loading, the debris
velocities and ground tmpact distances would be
slightly greater because of the increased impulse
imparted to the wall materials.

SUMMARY

The above analyses have shown that modern,
framed buildings should not suffer severe struc-
tural damage or collapse under the effects of the
indirect fire munitions considered. The exterior
and interior walls can be destroyed on a room-by-
room basis, and personael in the rooms on the same
floor are not afforded any real protection against
the normal fragmentation of the rounds, The rubble
produced by artillery bombardments of urban areas
should not seriously hanper vehicular traffic in
the streets.
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ASSTRACT

“In structural engineering 1t ts imperative to
design each system to survive the inputs amtici-
pated over the design life of the structure.
Strong motfon inputs cause systess to execyte non-
Vinear responses, and during strong motion respon-
ses structures accuwylate damage. Therefore, the
cwdility to model nonlinear response and to
assess the damaqe tevel in 2 structyre is essen-
tia! for optimal design.

Techniques for the diagnesis of damage in
inelastic structures have been developed. The
dissipated enerqy in mechanical systems is taken
2% 1 measure of damaoe accumulation. Two models
for the simylation of damaged structural response
have been developed. The objective of this study
is to use these models to estimate the amount of
energy dissipated due to a strong motion input.

The results show that structural damage can
de predicted, even in the presence of measurement
nolse,

1.  Introduction

The ultimate goal of the structural engineer
1S to design structures to survive preestablished
enyiromnments, Structures sudiected to strong
motion inputs respond inetastically and accumylate
damyge. This dmmage accumulation may le3d to
failyres. Therefore, in an accurate analysis of
structural behavior, nonlinear response as well as
the potential for damage accumulation must be con-
sidered. In this 1investigation, {t f{s assumed
that the dissipation of energy is related to the
xcgmulation of damage.

To assess damage accumulation, a mode) de-
stribing structura) behavior is required. This
model {¢ characlerized by its parameters. In
Order 2O determine the parameters of a systes,
measured input and resnonse date can be used with

;lesemh Assistant, Dept. of Civil Engineering
Assoc fate Professor, Dept. of Civi) Engineering

rofessor, Dept. of Mechanica) Engineering

MODELS FOR DAMAGE DIAGNOSIS M SDF STRUCTURES

Ming-Liang Mang', Thomas L. Paer?, and Frederick Ju'
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Albugquerque, New Mexico 87131

a structyral identification procedure., Ia this
study the least squares approach s used to iden-
tify the parameters of damiged systems using §imu-
lated measured input and response data. In order
to make the simylated data realistic the idead
input and response are first generated, then mes-
surement noise fs added to the signals.

Two models for the simulation of inelastic
sinyle-degree-of-freedom (SDF) structural response
are proposed. The first is a higher order 1inear
ordinary differential equation with constant coef-
ficients, The second i$ a second-order linear
ordinary different1a) equation with time varying
coefficients. Methods for the identification of
the pirameters of these systems are presented in
this paper,

The differential equation governing the
response of an tinelastic SOF system is 3 second-
order ordinary different (sl equation with hyster.
stic stiffness term. Some recent {nvestigations
(e.g., Reference 1) have used a higher order lin-
esr mdd2l Lo simulate the behavior of the actua!
system because the hysteretic characler of the
response of an inelastic system can be approxi-
mately matched by the hysteresis in the response
of a higher order linear system.

It is known that 3 structure subjected to an
extreme enviromment displays a response with time
dependent characteristics. Particularly, a struc-
ture executing an extreme response can display
diminished stiffness and variadble damping. The
irvestigation summarized in Reference 2 dGemon-
strates this behavior.

As damage accumulates in a structural system,
fts strength diminishes, It is assumed that dis-
sipated energy is a measure of structura) damace.
As the enerqgy dissipated by & system increases,
the residua) strength decreates. The basis for
this assumption is established in Reference 3.

The objective of this study is to demonstrate
that the two models described above can be used to
simulate the response of & damaged structure. The
relative merits of each mode! are discussed, The
resylts of some numericdl experimentation using
simulated data are presented. These investigate
the feasibility and accuracy of the models.
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2.0 Parameter ldentification for Structural
Rode s

The differential equation governing the
responga af an SOF syctem s

YR n

where m is the structural mass, 2 is the displace-
ment response, dots dencte differentiation with
respect to time, f is the forcing function, and u
{s tha rectorinn farrg This equat ion models the
response of an actual system. When the system
response s non)inear, u(t) is a complicated func.
tion reflecting the hysteretic character of the
system, In this study, two models will be devel-
oped to simulate the behavior of a hysteretic sys-
tem. These are equivalent linear models.

2.1 Higher Order Linear Model

The first model to be considered is a higher
order linear equivalent model. It is assumed that
the restoring force in Eq. 1 is governed by the
equat fon

N
Jgo 3 oS Gyt (2)

where c;, J * 0,...,M + 1 are constonts charac-
terizing the model; a supersc-ipt (j} refers to
the jth time derivitive of the quantity it fol-
lows: and M reflects the order of spproximation of
the linear system to the actual system, Mhe
objective of the analysis is to use measured data
to identify the parameters in the model Once
this is vone, the energy dissipated in the system
during structural response can be evaluated,

The following procedure is used to perform
the parameter identification for the higher order
1ineadr model, Combine Eqs. 1 and 2 in the follow-
ing way., Solve Eq. 1 for u, then take derivatives
of the resulting expressiun, Use these in Eq. 2.
The resylt is

E ¢ (f('j) - nz“'z)) 2Ca it (3
k] Ml

§*0

Since the parameter identification is to de car-
ried oyt in the frequency domain, Fourier trans-

form Eq. 3. Evaluate the modulus squared on both
sides of the equation; the result is

2

-t A
| <t #a - atiar® 2a)

: 2
*[lematinn + 1 200" )

This equation is assumed to govern the response
wplitydes in the frequency domain, If 1} the
system under consideration xere linear, 2) all
measurements were noise free, and (3) all Fourie
transforms were exact, then measured data could

satisfy €gq. 4, But Egs. | and 2 are meant to
mode! nonlinear systems; noise is pracucslu
always present in physica)l signals, and the dis-

crete Fourfer transform is often used in practical,

analyses. Therefore, measured data will not gen-
erally satisfy Eq. 4. An error term, c(w), must
be added 1o Eq. 4 to establish equality. This
yields

2
(o) * I)E_‘ cyttin! o - a(ind*? 20|
0

2
- ficpogtish + 1 2] (5)

where F(w) and Z{w) are the Fourier ".ransforms of
the measured input and response signals,  The
opt imum mode) parameters are thoc: which minimigze
the error, in scme sense,

Define the square of tha model error as fol-
Tows,

%
tz -[ tziu) du . (6)
“a

uy and 4 are frequencies which band tne char-
acteristic frequency of the SDF system. The sys-
tem constants, ¢j, J * O0,...,M + |, are those
whose valu®s satisfy the sequence of aquaticrs

s
*32‘30 §e0L M (7)

These constants are optimal in a least sguares
sense,

In this investigation computations inve.ving
two specific cases, where M 2 0 and M = |, were
perfarmed. The governing equations (Ig. 3) in
these cases are second and third order differen-
tial equations, respectively, In all cases, a
search procedure can be used to solve Fgs. 7. In
the cases where M {s s2211, spproximate analysss
can also be executed,

When N = 0, the constants ¢y and c, must be
evaluated. An approximate analysis can be carried
out (Referencc 3} where small-valued cross terms

. -are neglected. Then the solution of Eqs. 7 can be

evaluated in closed form, Numerical investiga-
tions have shown the approximate nalysis to be
quit> accurate in this case.

When N > 1 approximate analyses of Egqs. 7 can
still be perTormed, dbut more accurate results are
obtained using an exact search procedure. Ir the
present study an iterative Newcon-Paphson approach
was used to find the solution of Eqs. 7. Other
techniques, including gradient search techniques,
can also be used to solve Eqs. 7. umerical
examples have shown that the aaalysis described
here can be executed.
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Some numerical examples, solved using the
techniques deseloped in this section, are summar.
12ed i Section 3.0,

2.2 Tim: Varying Linear Mndel

The secona mode! for inelastic system
response s a time varying Vinear model, [t fs
assumed that the restoring force in £q. 1 ts gov-
erned by the equation

ult) = c(t) 7 ¢ k(t) 2, (8}

where cl{t) is a time varying damping and k{t) is a
time varying stiffness. The specific form used
to represent ({t) and k(t) are given below.

c(t) = {] ¢ at) Co (9)
R(t) = (1ept)k . (10}
a, Co» By and Kk, are constants, As in the

previous analysis, the objective is to wuse
measured dats to identify the parameters in the
mode!. Once this s done, the energy dissipated
in the system during structural response can be
evaluated.

The following procedure is used to perform
the pirameter ideatification for the time varying
linear model, It is assumed that the parameters a
ond 8 are relatively small compared to one., Then
the perturbation method Can be used to express the
response,  The response is assumed to be approxi-
mately

1) = xo(t) + ua(t) + n‘(t) . {1

This eapression can be used, along with Eqs. 8, 9,
and 10, in £q. 1 to obtain the governing differcen-
tial equition. The coefficients of the terms 1,
G, 9 g can be established, and equated to 2ero,
to obtain the sequence of governing equations

n'x'o . coio ek o, (12a)
LIRER RN A io . (12v)

mig ecdy v k2

s * Sola R z, - (12¢)

[ ]
Since the parameter identification is to be

carried out in the frequency domain, Eqs. 11 and

12 musi be Fourier transformed. The resylts are

Lw) = Z(w) + &l (6) + 82,(0) {13)
(a? ¢ tegw e k) Z(w) v Fla) (142)

(o o tegu s 1)) T (w) = e (2 le) ¢ wl)(u))

(14)

(s fegw * kg Zy(s) * -0 (e} (1)

where I(ew), 20(-). lo(u) and I‘(u) are the Foyrier
transforms of 2(t), zo(\). zn(t) and ’n(”‘ and

primes denote differentfation with respect to
frequency.

Equations 14 can be solved sequentially and
used in £q. 13 to obtain an approximate expression
for the Fourier transform of the response. The
modulus of the resulting cquation can be evaluated
to obtain

ll(u)’ = 'U . (&O(Hfu) + wh' (W)}

- R W) Hlw) Fla)

* (ac e -t ) H(e) F'le) (15)
where

Wla) = [k - maf) o iu ]! (16)

This equation is assumed tc govern the response
ap)itudes in the frequency domain, Measyred data
will ot generally catisfy Eq. 15 for the reasons
discussed follawing Ea. 4. M error termm clu),
must be added in Eq. 15 to esublifh equal ity when
measured data are used. let I(™ {4} be the
modulus of the fourfer transform of the measured
response. Then,

U w

cla) »

. |z"’" (i} (17)

where I{w) is the expres;ion obtained when the
Fourier transform of the measured input s used on
the right side of Eq. 1S.

The opt:imum model parameters cén be deter-
mined, in a least squares sense, by minimizing the
square of the mode! error. The square of the
model error i<

%
? f RIS (18)

wy and .? ave frequencies bandirg the charac-
teristic frequency of the SOF system. The error
is minimized when the model parameters are chosen
to satisfy

2 2 .2 2
| NP TS TSl [
Eu S Ta o (19)

These equat fons can be solved simyltaneously using
a search procedure. In this study an iterative
Newton-Raphson approach was used (¢ solve Eqs.
19. Other search techniques could also be used.

Same rimericd) examples were solved using the

technique developed in this section. One of these
is summarized in Section 3.0.
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2.3 Computation of Dissipated Energy

It was stated in the introduction that th:z
energy dissipated in a structure is a measure of
the damage accumulated in the system. The energy

issipated in a structure can be calcuiated in the

process of computation of the structural re-
cponse. Once the parameters of a structural sys-
tem have becn identified the restoring furce can
be caiculated using e«it:ir ©,. 2 or Eq. 8. The
formula for dis.ipated e -3y is

. 2{»)
fo f D u(z) dz, (20)
z{

where u{z) is the restering force as a function of
dispiacement, and z{-=) anrd z(=) ace the displace-
ments ot the times minus and plus infinity. A
chanae of wvariables can be made in the above
expressicn to obtain

Ep -_f" u(2(8)) 3t} et . (21)

In the numerical solution of Eq. 1, 2, 2, Z, and v
are determire? at each time step. The energy dis-
sipated can bc incrementally computed using these
values.

7.0 Numerical Example

Two numerical examples are solved in this
section using the approaches established in Sec-
tion 2. In both examples the parameters of an SDF
system are identified, The higher order linear
model of Section 2.1 and the time varying linear
model of Section 2.2 are used. The parameters of
the higher order linear model are identified for
the cases where M = 0 and M = 1. Once the model
parameters are identified, the methad of Section
2.3 is used to calculate the energy dissipated in
each model.

The input used in this study is an oscilla-
tory random function with decaying exponentia!l
amplitude. The input is modeled by the expression

N
f(t) = e 3 ocjcoslut-a) . 0T,
- . 3 - =

(22)

a is the amplitude decay rate of the input; N is
the number of harmonic components in the input;
Cj» j = 1,...,H are the input amplitudes; wjs
j"=1,...,N are the frequencies where the input
has power, ¢j. J = 1,...,N are mutually indepen-
dent uniform rariom variables distributed on the
interval (-x, %). The input 1is an aporoximately
normally distributed, nonstationary random proc-
ess. The parameters of the input us.ed in the
examples are listed in Table 1.

162

Table 1. Parametsrs of the Forcing Function
a = 0.1 N = 50
cy = 10.0, 3= 4,...,5%

wj = (1.8 +0.008 ) =, j=1,...,50

The input generated using these parameters i3
shown in Figure 1.

In each example a different SDF system was
anailyred. In the first example a linear system
was consiocred.  In the second exampie a .. inear
hysteretic sysiom was used, The System p.ramters
are listed in Table 2.

Table 2. Sysiom Parameters

Example 1 Exampie 2
m=1.0 m=10
¢ = 1,26 c=1.26
k = 39.48 k = 39.48
Ep = 11028 ky =0
0= 4.0
£, = 8225

m, c, and k are the mass, damping, and elastic
stiffness. ky and D are the yield stiffness and

yield level of the inelastic system, The actual
response of the inelastic system is shown in Fig-
ure 2. The energy dissipated during each response
is given in Table 2.

It is assumed that noise may be present when
the input and response are measured. To sSimulate
this, the generated input and response are modi-
fied by the addition of white noise. A ten per-
cent noise-to-signal ratio was used in the exam-
ples. The ncisy input and inefastic response of
Example 2 are shown in Figures 3 and 4.

The parameters cf the higher order linear
model (M = 0 and M = 1) and the time varying tin-
ear model were identified using the input and the
responses, described above, in a computer program
-(Reference 3). The parameter identification was
perfo-ned using both the noise-free and noisy sig-
nals. The results of the computations are given
in Tables 3, 4, and 5. The model responses are
compared to the actual response in Figures 5, 6,

Table 3. Linear Model Parameters {M = 0),
Energy Dissipated
Noise-Free Case Noisy Case
Actual Response: _Actual Rasponse:
Linear Non1inear Linear Nonlinear
(ex. 1) (ex. 2) (ex. 1) {ex. Z)
co 40.0 3.6 39.2 32.0
c, 1.28 1.75 1.37 1.95
ED 10720 7700 10900 6476




Table 4. Linear Model Parametcrs (M = 1),
tnergy Dissipated

Noise-Free Casc Noisy Case
Actual Response: Actual Response:
Linear Nonlinear Linear tionlinear
{ex. )} {ex. 2) {ex. 1) {ex. 2)
co 3.2 30.3 343 32.0
C, 1.28 3.95 2.98 2.60
¢, O 0.07 0.05 0.02
EO 11090 7598 11710 6803
Table 5. Time Varying Linear Mode! Param-
eters, Energy Dissipated
Noise-Free Case Noisy Case
Actual Response: Actua) Response:
Linear Nonlinear Linear Nonlinear
{ex. 1) (ex. 2 {ex. 1) {ex. 2)
e 0 0.0010 ~0 0.011
Co 1.27 1. 1.29 1.54
[} 0 -0.00°8 -0 0.0026
"o 39.3 40.3 38.4 32.8
ED 10741 8186 10929 7016

and 7 for Example 2 (where the actual response is
nonlinear).

The results show that all models match the
actual response quite weli., Especially, the peak
response in each model matches the actual peak
response well. Of course, the linear models do
not permit permanent set; therefore, the final
displacement of each model is in error. \Using
displacment response as a criterion, the third
order and time varying models appear to provide
the best results. Using dissipated energy as a
criterion, the time varying model provides the
best result.

4.0 Summary and Conclusions

The objective of this study was to develop
approximate linear models for the simulation of
inelastic system response and the measurement of
damage accumulation in a structure. It was
assumed that energy dissipated is related to the
accumulation of damage. The mode) parameters were
ident ified, then the energy dissipated during a
strong mction was calculated. The displacement
response and the energy dissipated in each model
were compared with the displacement response and
energy dissipated in the actual structyre.

Three basic models were considered in this
study. The.e are second- and third-order linear
models with constant coefficients, and a second
order )inear mode) with time-varying parameters,
The frequency domain aporoach was used in al) the
parameter identification computations,

The results of the numerical cxamples lead to
the following <onclusions.

1. Linear and nonlinear hysteretic SOF sys-
tems can, in some respects, be accurately modeled
using second- and third-order 1inear differential
equations with constant coefficients, and a
second-order linear differential equatton with
time-varying coefficients. The models provide
acurate simulations when displacement response
and energy dissipated criteria are used.

2. The fraquency domain approach can Le used
to identify mode! parameters of all three models
when the force and response measurements are
noisy.

3.  The second-order model with time-varying
coefficients provides the best simulation of sys-
tem response and energy dissipated among Lhe three
models censideres,
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ABSTRACT

Atoveground magazines for storsge of ammuni-
tion sre increcasingly difficult to accommodate
sithin constraiots imposed by explosives safety,
physical security, survivability, and fleet oper-
ational requiresents. The Novy has developed an
alternative design concept, celled a chimney mags-
zine. The chimney magazine consints of a box for
wveapons storage, two chimneys for access to stor-
age, a horizontsl sliding door over esch chimney, a
blaaket of soil over the box, and a straddle trail-
er to retrieve and transport wespons. The concept
dramatically increases the physical security and
survivability of storage and dramatically decreases
the encusdered land area without compromising
explosives safety requirements for moncommuaicstion
of explosions, damage to storage from explosions,
and protection of life snd property in inhabitad
areas from blast, ground shock, and debris. It is
concluded the chimney magazine offers high poten-
tial of being a cost effective concept to meet DOD
requirements fur tomorrov's ammo depot,

INTRODUCTION

Ammunition storage asagazines comprise the
largest investment of rerl property inventory at
shore activities supporting the Navs)l smmusition
logistics system. The traditional magciinc design
is an aboveground, srch- or box-shaped structure
bermed witk soil. The soil berm, 2 feet deep over
the roof, extends hurizontally beyond the walls
where it slopes down over thres sides of the struc-
ture. The fourth side is a vertical headwall with
€oors for h rizontal sccess to storege. The design
coutept is perennial, dating back almost te the
da covery of gun -powder. .

Safety is achieved by separstion distance.

‘Treedom from risk of sympsthetic detonation between

magazioes is achieved by providing s msinisum sepa-
ration distance between magazines. Freedom from
risk of damage to contents from explosions in other
magazines is achieved by blast bardening headwslls
and doors. Safety of unrelsted aress outside the

. magazine depot is achieved by providing sufficient

separation distasce to limit the risk of iajury aad
damage from blast, fragments and dedris coused dy
an imadvertent explosion. For 350,000 pounds Net
Kxplosive Veight (NEW) of storage per magazine, the
required separstion distsnce to unrelsted arews
exceeds 3,524 feet and encumbers over 896 acres of
land.

TODAY'S CONSTRAINTS DRIVE AMMO MAGAZINES UNDERGROUND

W. A. Keenan and J. E. Tancrete

Navsi Civil Engineering Laborstory
Port Hueneme, California

PROBLEM

The existing concept for ammo storage encum-
bers large areas of valuable resl estate - at a
time when the Kavy is already faced with s rising
cost of land acquisition (which is sometimes not
availsble at any price), shrinking supply of
buildable land, sad increasing encroschment by the
private community. Further, aboveground msgaziaes
provide limited physical secarity - at a time when
both the terrorist threat and the srws, ssmunition
and explosives requiring secure storage are in-
cressing. The problem is partirularly acute at
coastal activities aad certain installatioas in
Europe. Faced witia this dilemma, the Maval Civil
Engineeriag Laborstory (MCEL) is developing tech-
aclogy and concepts for sltermative solutions. The
goals are new desigo corcepts ior ammo storage,
maiotenance, testing and transfer facilities which
sre affordable anc 2lso meet =xploiives safety,
physical security, surviviadility, and fleet opo.a-
tional requiresents.

SOLUTION

A new design concept fo. ammo storage maga-
zines is illustrated in Figures 1 snd 2. The

. .
o heas e
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magazine depot hss a flat surface. The ainimum
lpaci”_.’betveeu magszines in any direction is about
1.50W ' 7, where W is the NEW limit of sny magszine.
This is the minimum spacing allowed by DOD explo-
sives safcty standards to prevent explosion com=
munication between underground storage chambers.
For W = 300,000 pounds NEW, the minieum spacing
between luuinef/auould be 100 feet, compared to
84 feet (1,259 ') side-to-side spacing and
402 feet (6W ') front-to-vear spacing required by
DOD safety standards for aboveground, earth-
covered, box-shaped magazines.

Essential elements of the design concept are a
rectangular-shaped box for weapons storage, two
chimneys for access to storage in two baym,
horizontal sliding door over each chimney, a blan-
ket of soil over the storage box, and a straddle
trailer to retrieve ana transport weapons.

Storage Box: Ammunition is stored in a large
box-shaped structure constructed of conventional
reinforced concrete. Many magazines in the current
Navy inventory are arch-shaped strictures but
studiea of the present and projected types asnd six
of Navy weapons call for a box-shaped structure for
maximum space utilization. interior dimensions of
the box are about 70 x 70 x 18 feet high. The box
has two storage bays, separated by two reinforced
concrete columns designed to safely support the
roof loads (Figure 3). The entire box iz designed
te safely resist dead plus live loads. Effects
from an explosion in an adjacent magazine are not
expected to dictate the design loads - the effec-
tive mass of the roof slab plus the soil above it
should be sufficient to safely absorb the blast
energy from explosions in other wagazines. The
rated storage capacity of the box is about
300,000 pounds NEW.

Figure 3. Cargo trangport system inside chimney magazine: overhesd-rail
syswem and beidge crane,

Chimney Access: Access to storage is through a
reinforced concrete chimney cast wonolithic with
the storage box, as shown in Figure 2. A chimney
is located st one end of each bay to service stor-
age in its bay. Interior horizoatal dimensions of
the chimney are about 28 x 6.5 feet to sllow easy
sccess ta the largest containerized weapon and
pslletized unit of ammunition in the projected Navy
inventory. The chimney extends sbout 12 inches
above the elevation of the soil blanket. The
chimney  .casion above the ground surface serves
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as & curb to prevent surface wvater from entering
the chimney and to force slignment of a straddle
trailer over the chimney.

~ An interior view of the chimney is shown in’
Figure 3. The floors of the chimney and box are at
the sawe elevation. Each chimney has a personnel
access-escape ladder and a floor drain leading to a
susp pit. The area of the vertical wall common to
the chimney and storage box is open for ease in
moving weapons betveen the chimncy and box.

Sliding Door: Each chimney in the magazine depot

supports & horizontal sliding door, as shown in
Figures 1, 2 sand 4. The door, constructed of
massive concrete and steel, is designed to safely
resist the blast overpressure from sn explosion in
an adjscent magszine. It also i3 eipected to meet
minimum requirements of a high-security door to
provide a minimum delay time for forced eatry.
Further, the wmaas and construction of the door can
provide a much lounger delay time to a larger spec-
trum of terrorist attack scenariox, compared to
conventions) hinged and hanging vertical doors
common to aboveground msagazines.

Tk b itvalule dooe
oo ot

heowy by M 4 o
e+ M{%‘
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Figure 4. Blast-resiatant, high-security sliding door over chimeny.

The door censists of two leafs. Each leaf has
heavy-duty rollers that ride on the chimney curb
and set in groves when the door is either open or
closed. The mags and mechanical systea of the door
is such that only the straddle trailer can operate
the door. A circular hatch in one door leaf allows
for personnel access via the chimaey ladder.

Bridge Crane: Pallets of bombs or gun ammunition
and metal contiiners of missiles, torpedos or mines
are transported between the storage bay and its
chimney by a bridge crane, illustrated in Figure 3.
The bridge crane, one_in each bay of the storfye
bex, rides the full lepgth of the storage bay on
two overhead rails fastened to the ceiling of the
astorage box. All cargo in a bay is serviced by its
own bridge crane; no cargo passes across the column
line of the storage box. Metal contaipers are
fastened to their spreader bar and lifted by a
hoister (wechanical or electrical) connected to the
bridge crape. Traasport of pallets iz similar
except the pallet is lifted by metal forks that
reach under i‘he pallet like "scacker" blades. The
overhead rails in the chimney acea span the width
of the chimney to iedge supports on the far vall of
the chimney. When not in use, the overhead rails
in the chimney ares swing back into the storage box
to allov unobstructed flow of cargo up and down
the chianey.




Design of the cargo hendling system in the
storage bcx is extremely critical to acceptance by
field personne]l and safety authorities. Maintain-
ability, availability, sisplicity and relisbility
of operation are psramount. The bridge crane
concept is no pansces — aslternstive cargo hendling
systems sust be studied.

Soil Blanket: The soil blanket ferma o flat sur-
face over the eatire sagszine depot (Figure 1).
The depth of 30il over each storage box is the key
to explosiver safety performance and reduction in
eucumbered land ares. Given an inadvertent explo-
sion involving the entire rated NEW capacity of the
aagexine, the noil blanket serves three very
important functions.

First, the soil blanket rust provide auffi-
cient mans to limit shock waves reaching the stmo-
sphers to those esncaping from the two chim-
seys - not through the roof. Thus, the roof must
not breach and offer a major escape route for shock
vaves before internal pressures have decayed suf-
ficiently. Given the desired performance, the
far-field blast environment will be significastly
less thsa that fros the same explosion in an
aboveground magsrzine. Consequently, the required
separstion distance to unrelated aress, e.g.,
inhabited facilities, is significantly less than
that required for an aboveground magszine.

Secondly, the s0il blanket serves to reduce
the saximum possible strike rsnge of concrete
debris missiles significantly below that from an
aboveground msgszine. The logic is a3 foilows.
The total shock plus gas impulse applied to the
roof slab plus soil cover murt equal the charge in
their mowentum. Therefore, the initial 1lauach
velocity of concrete debris missiles is directly
proportional to the total =mass of the roof slsb
plus s0i) cover per unit area of roof s)ad. Thus,
doubling the soil depth reduces the launch velocity
of concrete debris missiles by almost one-half.
Fipally, reducing the debris lsuach velocity by
one~hslf happens to reduce the meximus possible
strike range of debris missiles by o factor of
four. Thus, the maximum possible strike range of
debris is inversely proportionsl to the square of
the s0il depth, approximately.

Third, the mass of the soil blanket substan-
tially reduces the threst of forred entry into the
magazine vis the roof, which is a cuacern for
standard aboveground magszines.

Simply stated, the soil blanket allows the
Navy to release land aormally encumbered by explo-
sives safety arcs and to significantly ephance the
physical security and survivability of storage.
The cost-benefit of this strategy depends upon the
cost of soil fill (or excavation as the case may
be) and the value of MNsvy resl estate. Baced on
the high value of coastal real estate and the
extent of encroschment by the privste cammunity, s
cost-denefit anslysis ias expected to show that the
Navy cen easily justify today's market price of
straddle traileps asd the extra soil fill end/or
excavation associsted with chimney-magazines.

Straddle Trailer: Pallets of smmunition and con-
tainers of weapons are moved to and from the stor-
age box, via the chimmey, 82d transported over land
in the straddle trailer shown in Figures 1, 5 and
6. The straddle trailer is a rubber-tire vehicle

with & steel frame supersiructure ond s timber bed
or platform. The platform iy allowed to be raised
or lowered by meats of s motor-drivea winch at-
tached to the trailer frame. The lift capacity of
the straddle trailer is about 20 tons.

7a
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Figure 5. Straddie truiler for rerieving ammo fram magazine
and over land transport.
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Figure 6. Straddie trailer lowering ics platforre with ammo
load down chimney,

The straddle trailer passes cargo into snd out
of the storage box as foliows. To retrieve cargo,
the straddle trailer ia first drawn ioto position
over the chimpey. The chimaey curb assures align-
ment.  Next, the trailer winch is used to lift-
and-,lide open both leafs of the chimmey do~r.
Thz mass and mechanical systes of the door sllows
only the ostraddle trailer to cpen the chimmey
door ~ phyaical security is thus aessured. The
trailer platform is then lowered down the chimney
to its floor. Guide wheels above the trailer plat-
fora sssure aligoment of the platform in the chim-
aey ond prevent sparks fros friction. Should the
trailer winch malfunction, safety agsinst freefsll
of the pleatform is assured by a dog-esar ratchet
guide fastened to each wall of the chiamey. A
probe under the platform sounds » bdelli on the
trailer aand gesrs down the winch when the platform
is within 6 inches of the chimmey flyor.

Once the platform rests on the chimney floor,
the overhead rail extensions in tbe storage-box are
swvung out into poaition scross the chimney. This
sllovs the bridge crane to positios its cargo on
the pletfors. The platform loaded, the overhesd
rails sre swuag bdeck out of the chimney. The
trsiler winch nov raisea the platform up the chim-
mey and sutomatically locks it into position ¢ the
straddle trailer. During the lift operation, the
dog-ear ratchet operates in reverse to prevent
possible free fall of the platform snd its cargo.
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The trailer winch is then operated to close and
lock the chimtey do~r. Locked and loaded, the
streddle trailer is pulled avay by a vehicle to its
final deatination.

The phyaical security of ammunition during
transportation is an ever increasing concern. The
straddle trsiler can be easily outfitted with a
“SAFEPOT" type armored shell to provide required
levels of physical security for special wespons.
The armored shell would be optionsl equipment.

At a transfer point, the platform of the
straddle trailer is raised or lowered to the deck
elevation of the other vehicle, e.g., rail boxcar,
or platform, e.g., deck of pier, to facilitate
transfer of the cargo.

The straddle trailer and vertical acces: to
storage are counter to tradition, i.e., horizontal
sccess to magazine and forklift trucks for carge
handling. But vertical passage of ammunition is
not new to the Navy ~ all ammunition ships pass
cargo vertically into magazines located below deck.
Further, the straddle trailer ix not new - the
agriculture industry in California has used strad-
dle trailers for years to retrieve produce in the
field and haul it over the highway to processing
plants. Thus, the straddle trailev is s reliadble
concept that has already been debugged. Given
deploywment of the concept, the streddle trailer
would become as common end popular as forklift
trucks are today at Naval Ordnsnce Activities.
Transportation of all asmunition within the con-
fines of the Navy base would be by a single type of
equipment — the straddle trailer.

The ascquisition cost of the straddle trailer
is not cheap — but aneither is a forklift truck,
The estimated cost of a straddle trailer is
$100,000 without an armored shell. The cost of a
forklift truck is about $80,000.

PERFORMANCE

Major performsnce gosls are achieved with a
chimney magazine. Physical security and surviva-
bility of storage incresse dramatically. Encum-
bered land area decreases dramatically. Both
benefits are achieved without degrading the level
of explosives safety and without substantial in-
creases in the construction cost. Ach.evement of
these gosls stems from the application of new NCEL
technology to the design and predicted performance
of » chimney magazine. Among the technologies are
criteris for the external blast cavironment from
confined explosions, the effects of semi-frangible
covers on the blast environment inside structures
containing -explosions, the effects of internsl
explozions on the dynamic response of soil-covered
structures, and the delay time of facilities and
their components to foiced entry. Based on NCEL
technology, the following is 8 gross overview of
the predicted safety performance of a chimsney
magezize {rom an internsl explosion.

safety From Blast: Given st explosion of sagnitude
W(ibs NEW) inmide » chimoey wagazine having o vol-
ume V(ft?) with vertical chimaeys having a total
vent area, A(ft?), the peak incident blast over-
pressure, P' (psi), at ground range R(ft) from the
chimney is:

108

0.0025

&

0.401 )-1.690

(_L
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Note that P o at any R depends on not just W but
also other parameters related to the design of the
chimney magazine, i.e., Aand V.,

Con~ider the specific chimney-magazine design
shown in Figure 7. Fur this particular design,
A= 360 ft? and V = 97,600 ft3. Now, if the safe
inhabited building distance, IBD(ft), is defined to
be the ground range R{ft) where P'°= 1.20 psi
maximum for W < 100,000 1b NEW and P~ = 0.90 psi
maximum for ¥ > 250,000 1b NEV (curreff DOD safety
criteria for inhabited duildings) then it follows
from Equation 1 that the scaled safe inhabited
building distance for the chimney magazine is:

A
Po = 20 (v2/3)

veena(1)

For W < 100,000 1b NEW,

1/3

mow’? = 238 /163 (20)

For W > 250,000 1b NEW,

1/3 /3

w3 = 293 s (2v)
For a standard aboveground magszine, DOD safety

criterion requires:
For W < 100,000 1b NEW,

1/3

o3 = 40.0 fe/pt/3 (30)

For W > 250,000 1b NEW,

113 . so.0 fyd'/3
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Figure 7. Design parameters for a chimacy magazioe and the afe
separstion distance from blam and debrria,

Comparing Equstions (2) end (3), I8D for this
particular chimney magazine is 41% less than IBD
for a conventional aboveground magazine, regardless
of Wi More importsatly, the encumbered land ares
is reduced by 65%, repardless of Wi Note that the
encumbered land ares could be reduced evea further
by reducing the chimney srea, A. However, doing so
will increase the blast environmeat inside the box
which, in turn, will increase the depth of the 20il
blanket required for adequate containment of explo-
sion effects. The cost-benefit of further reduc-
tions in IBD needs to be studied.

It is iwportant to understand that the ver-
tical chimpey iz a key feature of the chimney
magazine comcept. Vertical venting of exploazion
effects is necessary to achieve » large reduction
in the encumbered land area. Horizontal access
tunnels - the alternstive - would encumber wore

(3b)

IBD/W




land area (end the construction cost would be
higher for horigzontal accress tunnels vice vertical
access chimneys).

Safety From Debrin: The safe distence from debris
is derived from the principle of conservation of
energy and the flight dynamics of a sfssile.
Referring to the soil blanket in Figure 7, the
scaled total impulse of gos '”nt shock presyyres
inside the magezine (s (/¥ (psi-msec/ib " 7).
The soil-bdlanket thickness over the roof is 4_(ft}.
The mass density of the sof] blanket it y (1b}fc?).
The reinforced concrete roof slab has & thickneus
t (ft) and » wass density y (1b/ft?). From the
ptinciple of conservation of energy aend flight
dynsmics of a missile, the maximum possible strike
range of debris wissiles is:

R

R <

. < V)

2
(Y.d' +yd r)

Equation (4) is approzimate but conservative.
1t neglects energy lost in breaking the wissile
free (vom the chimney magazine and energy dissi-
pated by tumbling sad air drag during wissile
flight.  Furthe:, it assumes that the dedris
wissile is launched from the magozine at the
critical lsunch oengle producing the saximum
possible strike range.

Ssfety From Ground Shock: The soil blanket in
chimney magazine is thicker then in an aboveground
asgazine. The added soil sass incresses the con-
finesent of an interpal explosion. This increased
confinement incresses the ground shock at any
distance to a leve] abave that froe the same ex-
plosion in an asboveground me ezine. Nowever,
inhsbited buildi istance 8 chimney maga-
zine, IBD = 23.0\!‘,’3 to 29.3\:"/?, exceeds minieus
safe distance requirements of NAVSEA OP-5 by a
fasctor of about two. Thus, ground shock is not
expected to present unacceptadble risk of damage to
inhabited buildings.

The ground shock spplied tg,gn sdjaceat chim-
ney magarine spaced at 1.5V will also be
greater. NAVSEA or/? requires a minisum separation
distence of 1.5V between underground storage
unﬁsn to prevent exr}guve communication and
3.5 in sandstone (5W in granite) to prevent
damage to stored ammwnition. But the differeoce
between the shock propagation characteristics in
ssndstone and 80il should more then compensate {75
reductio?”in the separstion distance from 3.5¥
te 1.5 for chimpey magszines. Thus, ground
shock is not expected to cause sympathetic detona-
tion between chimney sagazines or demage to slorage
in an adjacent magszine. Should this predictjor be
incorrect, the "whiskey bottle" concept can essily
be deployed to dissipste grcund shock energy to
safe levels.

Safety Criteria: Operstional requiresents  are
expected to dictate the vslue of A, V snd W for the
chimney magszine. In this case, the value of land,
cost of soil fill, cost of excavation and the
elevation of the water table will dictste the most
cost-effective thickness of the soil blanket over

the storage box. HNowever, s vost-benclit smalysis
is empected to shov the sofl-blanket thickness
should be suckt that the mexiaum poszidle strike
range of debris, R, never exceeds the safe inhabi-
ted dbuilding distalce for blast.

R <10 )

Combining Equations (2b), (4) and (3), pre-
liminary design criterion for soil blanket thick-
ness required for ssfety asgainst both blast and
dedris (R' < IBD) is:

0.1195 (lT/v'“) LN
d = Ty
. Y

1y
»

Solution of Equation (6) has led NCEL to the
limits of existing explosion effecta technology -
large unceruint”! exist ia todsy's technology for
predicting i./W for the rvange of pareseters
mmumuI of a chisney magprjne. Prediction
error in the coaponeat of i,/V resulting from
internal gas preasures is b‘lieved to be smsll.
But prediction erraor in the scaled rmpulse result-
ing l‘ff‘ shock pressutes, the othe. component of
i, /W '7, is believed to be large. The large uncer-
téinty in the shock impulse applied to the roof
slad stews primarily froe lack of haowledge about
close-in effects of a large charge density
(W/V = 3.1 1b NEVW/ft}) and 2 thin psacake-ghaped
charge (representing 330,000 pounds NEW of bowbs on
pallets stacked tvo-high snd uniformly spaced over
the entire floor arca). Further, large uncertain-
tier exist on the extent anc effects of the crater
on the maximum debris range. Dats from field tests
planned for FYB4 should reduce these uncertainties.
For the interim, NCEL hWelieves it has hracheted the
value for s chimney majsaine where W = 100,000 1bs
NEW, y_ = 150, t_ = 1.25 and y = 120. Based on
computer lanly-il‘: extrapolation of test dats aad
engineering judgment,

10¢d <20 fe (8))
COST-RENEFIT

The cost-benefit of a depot of chimney maga-
zines depends upon tbe incresse in comstruction
costs relstive to the value of all benefits de-
tived. One added cost is the extra soil fill
and/or excavation required for a chimney magagziac.
One benefit is *he value of land freed from large
safety arcs. A gross estimate of this cost-benefit
snd description oth:r benefits follows.

MCON Cost: The structural cost ($/ft?) for a
chimaey magazine is estimated to be about the ssme
as for a conventionsl, box-shaped, reinforced
concrete, ®missile storsge wsagazine (aboveground
magezine). The quantity of reinforced coacrete in
the chimney magszioe i3 about )9% grester than in
on aboveground magazine baviag the ssme floor sres.
This iocrease stems primerily from the two chim-
seys, the greaster ceiling bheight, and a thicker
roof slad (because of the higher desd ioad from the
deeper so0il cover - even though the blast loads
from s adjacent magazine vill be less).
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But other vost components will be less. The
structural snd mechanical coste of the doors in the
chimney magarine should be less because the total
area of openings is less (two doors st 28 x
6.5 feet vice two doors at 28 = 12 feet in an
sboveground magazine), the clear span of the door
is less, and the applied diast load from explosions
in adjscent magazineu is less. Further, the chim-
ney @agsgine requirer ro blast hardened headwall
and doors to protect contents from explosions in
adjacent magszines, no reinforced coacrete pilaa-
ters to support the do>r from being blowm-in, no
headwall extensions to support the noil bermm, no
elevated platform forvard of the headwall for
transferring cargo and no complicated electrical
trolley system tc open doors. The designer need
only be instructed to provide a water-tight,
reinforced-concrete box with two chismeys that
safely supports a prescribed depthk of soil
cover. Knowledge of blast resiatant design ia
not required.

One measure of the cost-benefit is the dif-
ference between the MCON costs of a chimmey mags-
zine and an sboveground magarine, divided bdy the
totel acres of land unencumbered by use of the
chimney magazine. This ratio ($/acre) is the price
the Navy is paying to unencumber land by using
chimney-magazines. This cost-benefit ratio is
shown in Figure 8 as s function of depot size,
depth of excavation, and thickness of soil blenket
(10 2nd 20 feet). The curves assume a depot with a
aquare srray of sagazines.

; ‘ L
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Figure & Cost benefir of chimney magazines relative to above ground box
maguiines.

Figure 8 Ssipes the aboveground magygines are
spaced st 1.25V side-to-side and 6.0"”s froat-
to-back, and are covered with 2 feet of soil cover.
Incumbered land includes the depot u”! snd all
laad within the confluence of S0 ft/1d messured
from the skin of apy magariae. /3

The chimney magazines are spaced at 1.5V
side~to-side and front-to-dack. The depth of soil
cover over the chimney magazines for the left
snd right set of curves (Figure 8) is 10 and
20 feet, respectively.

Unit costs are based on a survey of cost data
for Southern Cslifornia. Both depots are based
on the structure costieg 150 $/ft' floor area,
£ill & $/yd® and excevaticn 3 $/yd3. Aboveground
magazines are assumed to require mo excavation
and a0 fill wunder their elevated floor snd
losding platform.

The curves illustrate major savings would be
realized at most Navy installstions, dassed on che
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"cost of freed land."” For example, a depot of
9 chimney msgazines vith 10 feet of soil cover
(vice 9 aboveground magazineu) frees Navy land for
other uses st an effective cost of bdetwvreus 310 and
1,350 $/acre, depending on the depth of excavation
allowed by the water table. In other terms, the
NCON cost of the aine-magazine depot would increase
by S to 20% based on an MCON cost of 1508/ft?! for
an aboveground depot. Actually, the effective cost
is much less than this becavse all the benefits are
not included - and many of these arve significant.
In sny case, Figure 7 showa that the chimney maga-
zine offers a very cost-effective gscheme to
"“purchase" land.

Total Benefit: Other bdenefits of a chimney maga-
zine, in addition to a major reduction ia encum-
bered land srea, are the following: HMajor increase
in level of physical security, iacreasr in surviv-
ability, reductisn in plutonium (for spacial wea-
peas) that could eacape to atmosphere, increase in
environmental control, greater concealment, less
logistics burden (the haul distance iz reduced 41%
and one piece of equipment does all the work),
standardization of design, » solution for depots in
Europe (vhere 69% of the floor area of existing
magazines cannot be utilized because explosives
safety arcs would encumber inhabited buildings),
and & scheme to increase the buildsble land sres at
Navy bases by using unbuildable land as the source
of fill for the depot. Regarding physical secur-
ity, a chimney-magszine depot designed to store
300,000 pounds NEW per wmagazine offers secure
storage for special weapons. Given sa insdvertent
explosicn, the chimaey magazine offers almost com-
piete containment because of the low NEW associated
vith special weapons. Given & mix of conventional
and specisl weapons stored in s chimney-msgazine
depot, the "shell game" applies — no one knows
which magazines (and which Navy Activity) have the
special weapons. Further, the labor cost for
special security forces is such lower.

FUTURE WORK

The chimney magazine is only & concept, bdut
work is undervay to refinc its cost-benefit and
verify its predicted performance, given an explo-
sion equivaleat to 300,000 1t NE¥W in smsll-scale
structures. In view of the anticipated resistance
to any changes from the traditionsl concept for
ammo storage, the authors welcome any opinions
regarding the utility of the chimney-magaziue
concept for tomorrows' ammo depois. )
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SWEDIZH DESIGN MANUAL FOR PROTECTIVE STRUCTURES

Bengt E Vretblad & Goran B Svedbjork

Roval Swedish Fortificat{ons Administraticn, Eskilstuna, $5-6)1 49 Sweden

ABSTRACT

The design of Swedish military hardened concrate
structures is based on different manusis among
those RSFA publ Bk 25. This publication gives design
values for three different ciasses of structures
A-C where e g different tegrees of deformations

are accepted. The paper descrilics the demign proce-
dures, asccord:ing to the manual, with respect to
fragment pencrration.

BACKGROUND

During the early seventiecs the Swedish manual

for the design of concrste structures exposed to
non-nuclear weapons effects vas vevised by the
Roval Swedish Fortifications Administration (RSFA).
The revision which was outlined by Dr Hikan Sund-
quist,at that time by the RSFA, resulted in RSFA
Publ ur 25 in 1973. Thiz wmanual has Leen updatzd

in 1977, /1/.

CLASSES OF STRUCTURES

An elastic design of structures exposed to weapoas
effects will often result in conservative and ur-
economical sclutions. While some structures have
to be intact after beirng subjected to blast and
fragwents other might sustain different degrees of
damages withour their primacy function of protec-
tion being vinlated,

For this reason hardened structues are organized in
classes A, B and © according to /1/.

Class C is for structures to give survival to
people in it accepting damsges to the structure

{taelf and to installations in it. Spalling from ~.

fragwents is accepted on every Jrd square meter of
exposed walls and a small risk of penetration is
accepted.

Clas - B structures may have permanent de‘lections
not greater than 3% of the span. Spalling may occur
on every 10th square meier and the risk of penetra-
tion is reduced compared to Claas € structures.

Class A structures are to fulfill requirements for
Class B structures and are also to be sccure for
gasoverpressure after exposure to blast and frag-
nents. This oftzn leads to an elastic design.
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The requirements for the different classes of
structures are put together in Table 1.

CLASS OF  PERMANENT RISK OF  RISK OF
STRUCTURE DEFLECTION SPALLING  PENETRATION
(FROM {FROM FRAGMENTS
PRAGNENTS )
A ) 0.1 w2 NINOR
') < or 0.1 w2 HINOR
SPAN
c ves 0.3 m7? SMALL
Table |
PENETRATION

The manual is based on the fragmentation concept
given by Mott & Linfott in /2/. According to this
reference the number of fragments with a mass
greater than m, is given by
SR
N (my) = —— ¢ K
2

wvhere m. 1s the mass of the case and K a constant
depending on the geometry and the fragmentation of
the b sab.

This gives the fragment density, R , on a vall at
a distance R from “he bomb

C
Ring, B = 5577 * M imp)
C a diastriduting factor to be 1 with a uniform
distriburion of fragments in all directions. In
/1/ € is takan equal *o 2 giving credit.to the

_ increased density of frugwents perpendicular to

the axia of the prolectiie for a vertical wall
and 3 vertical projectile. :

The maximum fragwen: mass foi a certair fragment
density can then be calculated with vombveight
and bomb geometry given for d'‘ierenr distances.
This is illustrated in Tehie 2 for a 500 xg GP
bomb .

BEST AVAILABLE COPY




FRAGMERT DISTANCE (=)
DERSITY
(D) 5 10 15 20
(8
0.01 0.89 0.6% 0.52 0.44
0.1 0.51 0.1 0.2 0.19
0.3 0.% 0.2 0.1% 0.11

Table 2. laximum fragment masa (kg) at different
disiancesfrom a S00 kg GP bowd and for different
fragment densities.

The wall thickness, d, has been calculated accord-
ing to d = 2,7:10°% . v¥a

where v is the velocity of a fragment at the wall.
Table ) gives ¢ for Clais B structues (R = 0.3) for
different bowbs.

BOMS DISTANCE

Sm 10 m 15m 200 m
1000 kg 0.50 0.45 0.40
500 kg 0.4% 0.40 0.3% 0.30
250 kg 0.40 ¢.12 9.30 0.2%
100 &g 0.30 G.2% 0.20 0.20

Table 3. Wall thickness (m) for Clase B structures
with GP boabs at different distances,

By this werhod the winimum thickness of a struc-
tural element can be determined. Additional re-
quirements ¢ g from bending and shear actions of
course might make greater thickness necessarv.

CONCLUSIONS

The concepr adopted in RSFA pubdl Bk 25 for classi-
fication of structures has proved te be very use-
ful. The method for calculating wminisum thickness
of concrete elements vith respect to fragments

and penetration has shown to be a versatile in-
strument for design engine. 5.
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P
* ABSTRACT

[ .
=X Sofl-structure interactfon significantly af-
fects the loads acting on buried shelters subjected
to nearby explosions, Recent research has improved
our understanding of this complex phenomenon and
1ad to a new design method for buried shelters.
This method recognizes the coupling between dynamic
response of a buried structure and the loading ex-
erted on it by the neighboring soil. It is simple
to use, inexpensive and sufficiently accurate for
most underground shelter desig};?\

DYNAMIC SOTL-STRUCTURE INTERACTION

Dynamic soil-structure interaction involves
very complex wave mechanics. Tne process is a
coupled phenomenon, 1.e., the motion and deforma-
tion of the structure depends on the loading acting
on it, and the loading, in turn, is affected by the
structural motion and deformation. This is 1ilus-
trated in Fig. 1. A buried slab is impinged by a
one-dimensional stress wave propagatirg in soil.
Since the soil is assumed elastic, the free-field
stress wave propagates unattenuated until it en-
counters the slab (dashed line in the H?ure). 1f
the stab is assumed fixed, the pressure loading on

[
.
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Fig. 1. Beneficial effect of dynamic soil-

structure inieraction in reducing
Toading on buried structures, one-
dimensiona} illyustration.
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DESIGN OF UNDERGROUN™ “HELTERS
~ INCLUDING SOIL-STRUCTURE INTER CTION EFFECTS
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the slab is equal to the incident plus the reflec-
ted sofl-stress waves, or twice the free-field
stress.  This is the assumption used in most preva-
lent shelter designs. In reality, the slab moves
as a result of the s6i) loading, and this leads to
significant reductfon in the loading, as Fig. !
indicates.

INTERACTION ALGORITHM

While the beneficial effect of soil-structure
interaction is well-known, it has not been integra-
ted in the structural design process because of the
complex natuce of the interaction phenomenon, and
the lack of an efficient design procedure which in-
cludes this effect. Recent res:arch at Weid!inger
Associates with the aid of ama’ytical and numerical
wethods indicates that, fur irpulsive loading of
shallow-buried shelters, the interaction is govern-
ed minly by the velocity of the structure relative
to the velocity of the free-field soi) particles.
The loading is considered imulsive when the effec-
tive duration of the free-fi2ld ground shock pulse
is comparable to the fundamental period of the
ma jor deformation mode of the structural element of
interest. A shelter {s shallow-buried when the
depth-of-burial i; of the order of the span of the
structura) element of interest. Under these
conditions, the generalized plane-wave interacticn
algorithm

Yint * Off + e (V" - x) )

(oynt denotes the interaction loading, aps the
free-field stress, x the velocity of structure, vpe
the free-field particle velocity and pc the soil
impedance) provides a good approxwmation to the
actual interaction loading. This algorithm leads
to a new design method for underground buried shel-
ters which is simple to implement and provides a
better and more consistent estimate of the effect
of dynamic cofl-structure interaction at little
additiona) expense.

DERIVATION OF DESIGN PROCEDURE

Consider the design of the roof slab of a
buried rectangular shelter against a top threat
(Fig. 2). Suppose the design is pursued using the
beam equation

3 atx

it T B T One (@)
where L is the mass density per unit length, £l the
bending rigidity, x the lateral deflection of the
beam, and oypy 15 the interaction loading exerted




by the soil on the roof. Substituting £q. (1) for
Jint gives

2 ax *x

viEs ¢ ooap - EIGE T Cep * oSV 3
Note £G. (3) is a beam equation simiter to Eq. (2),
with a loading function which depends only on the
free-field environment. Hence, the design proce-
dure can be divided into two uncoupled parts: def-
inition cf the free-field enviromment, and the
design of the beam subjected to ar equivalent (free-
fie1d) Yoading. The effect of Jdynamic sofl-
structure interaction s included explicitly in the
beam model in the form of viscous damping.

Top Threat

Side
Threat Burster Slab

7

Operation Center

Backfill

Fractured
{ imestone

Fig. 2. Buyried shelter subjected to top and
side munition attacks.

It {5 casy to generalize the above derivation.
The equaticn of motior of a shelter can be repre-
sented 33

Lix} = oy (4)

where x is the structure displacement and L{+} the
differential operator. The use of the simplified
sofl-structure interaction algorithm in the equa-
tion of motion gives

L(l) » Of' * ¢ (Vf' - ;)
or
Lix} ¢ pex = ogp ¢ pvey {s)

Again, the forcing function is a function of the
free-field enviiunment only. The structural sys-
tem on the lefthand side of the equation is the
orjginal system i {x} with the added damping term
pcX to represent the interaction effects.

A new design procedure is developed based on
£9. (5). This is illustrated in Fig. 3. The
structural mode! (numerical or otherwise) is modi-
fied to include the interaction damping. The
equivalent free-field loading is then applied to
the bare structure. Othur than these changes, the
design procecure is identica) to the prevalent
procedure for unburied shelters.
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New des ‘an proredure with
simplified soil-structure
interaction (SS!) slgoritm,

VERIF ICATION

The accuracy of the new design procedure
depends on the validity of Eq. (1). Basel on ex-
tensive comparisons of the design results with
detafled finite element sofl-structure analysis
results, the new design method s found to yield
rod approx imat ions under the conditions specified

or €q. (1), t.e., impulsive Toadings and shallow-
buried shelters. Fig. 4 {s representative of the
results obtained. The interaction loadings on the
midspan of the roof of a burled shelter are od-
tained using the direct cowled finite element
method and the new dc<i9 method with a beam model
to represent the rocf, They are compared in the
figure. The craparison 1s excellent despite the
fact that the free-field Yoading is non-planer.
This {s beceuse the intensity of the soil stress
decays rapidly with distance from the source and
at midspan where the loading {s most severe, the
interactinn {s approxiLately planar. This is often
the case for conventional weapons.
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Fiy. 4. Comparison of interface stress at midspan

of an 18 m roof, direct finite element
calcylation versus design method.
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The same desigr, procedure has been used for
inelastic sotl-struc.ure systems; the impedance
coetficient, pc, is represented as a function of
the soil stress at the interface in accordance with
the inelastic stress/strain relationship of the
soil. Tensile interaction Yoading should also be
limited to reflect the limited tensile strength of
the soil-st.ucture interface. The algorithm as
outlined has been incorporated in computer programs
c?nnon1y used in structural design, e.g., SAP and
STRUD. .

CONCLUSION

Soil-structure interaction effects are prop-
«~ly accounted for only by considering wave propa-
gaticn in the model. The cost and complexity of
an explicit wave analysis often deter a designer
from inciuding the beneficial effect of soil-
structure interaction on the design. A new.design
procedure based on an approximate interaction al-
gorithm has been develicped, which greatlysimplifies
the supporting analysis. It allows the cerigner to
obtain an excellent estimate of the peak inter-
action loads on the structure with little addition-
al cost or lator compared to a conventional proce-
dure. It is also compatible with any reasonable
stricctural model the designer chooses ¢ evaluate
candidate designs.
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Vi ABSTRACT
‘Gn pressures from explosions withinenclosures,
as opposed to shock loads, can be the dominant loads
causing structural failure. This paper reviews

test results and prediction wethods for gas pres-
sures for many types of internal explosfons includ-
ing high explosives, high explosives plus combusti-
bles, gas mixtures and dust suspensions :

INTRODUCTION AND BACKGROUND

For explosions in enclosures involving high
explosives, solid propellants, high explosive with
combustible materials in contact, or combustible
nist, dust, or gaseous explosive mixtures, the long-
duration gas pressures caused by confinement of the
products of the explosions can be the dominant loads
causing structural failure. These quasi-static
pressures sre determined by the total heat energy
in the explosive and/or combustible source, the
volume of the eaclosure, the vent area and vent
panel configuration, the mass per unit area of vent
covers, and the in{ti{al amhient conditions withir
the enclosure.

Previous analytic work, similitude analysis,
ard numerous exparimente have addressed several as-
pects of this problem and provided a good data base
for more general predictions. Ref. 1 collates much
of this information for gas pressure parameters for
bare high explosive detonations in enclosures vith
open vents, while Ref. 2 includes analytaic predic~
tions of these parameterc for similar explosions
with covered vents with various masses per unit
area. Maxiwum pressures for gas and dust combusti-
ble mixtures initiated in unvented and vented
enclosures ave rcported in Ref. 3 and 4. Most re-
contiy, tent data for gae pressures &n a eealed
structure from high explosives surrounded by com-
bustible liquide and solids are reported in Ref. 5.

Tests of solid propellants burmed in vented
structures are reported in Ref. 6 and 7. Ref. &
2180 includes derivation of a scale modeling lav
for pressures for this situation. Scale modeling
of duet and -as explosions in enclosures is inherent
in work in [_f. 3, vhile a more thorough law for
vented dust explosions appears in Ref. 8.

In this paper, the suthors will review the
literature and present methods for predicting inter-
nal gas pressure loads under the folloviag condi-
tions: 1) bare high evplesive detonations in

GAS PRESSURE LOADS FROM EXPLOSTONS WITHIN VENTED AND
UNVENTED STRUCTURES

W. E. Baker
J. C. Hokanson
E. D. Esparza

N. R. Sandoval

Southwest Research Institute
San Antonio. Texas

structures with open vents, 2) high explosive plus
combustible explosions ir closed structures, and

3) gas and dust explosions in closed and vented
structures. The predictions wiil be based on graphs
and/or numeric fits to scaled parameters from appro-
priate similitude analyses.

GAS PRESSURES FOR INTERNAL HI EXPLOSIONS

The loading from an explosive charge detonsted
within a structure counsists of two phases. The
initial phase consists of several high amplitude,
short duration, reflected pressure shocks. This
phase of the loading {s very geometry dependent,
with the highest loads generally occurring on the
surfaces nearest the charge. On each reflection,
the shock strength is attenuated until at some point
the internal pressure has settled to a slowly decay-
ing level. This 1s the quasi-static pressure load-
ing phase. This phase is characterized Ly essen-
tially uniform pressures throughout the structure
at apy point in time. The rate of quasi-static
pressure decsy is a function of the vent ares,
structure volume and the nature of the explosive
source.

A typical pressure trace obtained during an
internal explosion in a vented structure is shown
in Figure 1. Traditionally (Ref. 9), the peak
quasi-static pressure is established by fitting a
smooth line through the data beginning at the end
of the pressure trace ard extending dack towarde
time zero, the time of charge ignition. This ltne
is shown in Figure 1 as & solid line. The peak Py,
is then taken as the intersection of the fitted line
and 8 vertical line oi time zero (shown as a dotted
line 4n the figure). This point is labeled A in
Figure 1. For a vented structure, a sore appropriate
technique has been suggested (Ref. 1, 5). This
meLhod {s applied by draving s ramp ircresse in -
pressure extending from time gero, whicn follows
the base of the presgure shocks. This 'ine ia
shown as a dashed line in Figure 1. 1lhe intersec-
tion of the rawp pressure increase withthe line .
fitted through the pressure decay is the peak
quasi-static preseure. This point is labeled B ir
the figure. For explosions inside sealed enclosures,
points 4 and B will have nearly the same ordinates,
vhereas for explosions with increasing vent areas,
the difference in ordinates between points A and B
increanes.

in Ref. 1, & very complete anslysis of gas

pressures from {nternsl explosiun data was present-
ed. The authors performed a similitude analysis to
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Figure 1. Typical Pressure Record from an
Internal Explosion in a Vented Structure

deteruine the functional form of the quasi-static
pressure, as a function of the physical parameters
pertaining to the problem of an internal explosion
inside & vented structure. Based on this analysis,
the following equation was derived:

Peak Quasi-Static Pressure:

log P = 0.30759 + 0.51815 log (W/V) -

as
0.150534 [log (W/V)12 + 0.31892 [log (W/V)13 +

(L
0.1043% [1og (W/V)]1Y - 0.14138 [log (WAV)}® +

-0.019206 {log (W/V)1® + 0.021486 [10g W/V)]’

Equation (1) was the result of curve fits to
177 experiments. Figure 2 presents the curve fit
together with the weasured data. One approximstion
was made in the analysis of the test data. The
explosive energy contained in ary high explosive is
directly proportional to the explcsive mass. As it
turns out, the charge energy-to-explosive mass ratio
fcr most explosives is nearly the game. For con-
venience, the analysis performed in Ref. 1 utilized
the charge mass, rather than the charge energy.

Based on the results of the analysis of the
internal explosion data, the authors of Ref. 1
found that the peak quasi-atatic pressure was inde-
pendent of the vent area, but dependent on the
charge weight-to-structure volume ratio,

GAS PRESSURES FOR HE PLUS COMBUSTIBLES

Recently (Ref. 5), a series of exporiments was
conducted in which various combustible waterials
were placed in varying degrees of contact with high
explosive charges. The cbject of the tests was to
determine whether the combustible materials could
contribute to the quasi-static pressure development
within a sedled enclosure. The combustible wateri-
als investigated in this effort are iisted in
Table 1. In every case, the high explosive was
0.992 1b of PRX-9404, All of these experiments
were conducted in the same enclosure, so the only
parameter not held constant was the combustible

GAGE PRESSURE (MPA)

W/V (KG/Mr*3)

Pigure 2, Peak Quasi-Static Pressure as &
Function of the Charge Weight to Enclosure Volume

Table 1, Combustible Materials and
Contigurations Tested®

Series Material Configuration

1 Polycarbonate A 67.6 gm polycarbonate
disk was actached to the
end of a cylindrical
(2/d=1) charge.

2 Polycarbonate A 135 go aluminum casing
and Aluminum surrounding the sidc of a
cylindrical charge. A
polycarbonate disk covered
one end of the charge.

3 50/50 Mix of DMF A spherical charge was sub-
and Acetone merged in 5 oz of the fluid.

[ Polycarbonate Two polycarbonate hemi-
spheres were attached to
opposite poles of the
charge. The total poly-
carbonate weight was 48.25
gm.

S 50/50 Mix of DMF Five 1 or coatainers of

and Acetone the fiuid were equally

spaced on & circle 36 in.
in diameter around the

charge.
6 Low density Polyethylene besds suspend-
polyethylere ed in an epoxy base, and

formed into a four-sided
box, centered on the charge
The we! it of the box was
273 gn.

*The explosive was 0,992 1b of PBX-9404. Test
Series 1 and 2 vrilized cylindrical charges, while
the remsining tests utilizeu spherical charges.
The charge location was the same in all experi-
ments.

configuration. Note that the Pgg for a bare 0.992
1b PBX~9404 charge is 48.7 psi. 1In every case, the
aidition of combustible materials in near contact
with the HE charge increasad the quasi-static pres-
sure, in some cases dramatically.




The degree of quasi-static pressure enhancement
produced by & combustible 1s related to the heat
energy content of the material., This 1s ghown (n
Figure 3 where the excess P, (the Poy produced by
the combustible plus the HE, less the Pqq produced
by the HE alone.) is plotted as a function of the
combustible energy content. The combustible energy
content is defined as the masz of combustible times
the appropriste heat of combustion from Table 2.

As seen in Figure 3, the enhancement in the quaei-
static v ‘ssure increases uniformly with increasing
combustibis energy, as long as the combustible 1i»

in intimate contact with the charge. The only point
not following the general trend of the data corres-
ponds to the series of tests in which the combusti-
ble fluid was dispersed a large distance from the
charge.

The phenowenon of Juasi~-static pressuyre en-
hancement produced when combustible materials are
placed near HE sources har only been recently dis-
covered. The effect has been observed for a varie-
ty of combustidle materials, but no variations in
charge to combustible masa, charge type, structure
volume, or degree of venting have been tested. The
{mplications of the data accumulated ao far are
that quasi-static loading calculations should in-
clude estimates of contributions from the burning
of combustible materialy vhenever such materials
are expected to be in intimate contact with ME
sources.
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Figure 3. Excess (hussi-Static Pressure (psi)

GAS AND DUST EXPLOSIONS IN CLOSELC AND
VENTED CHAMBERS

Many ac..dental explosions occurring in indus-
try involve the ignition vithin cnclomures of com-
bustible mixtures of gases with air, or suspensions
of combustible dusts in air. Such mixtures fgnited
in tne open do not cause bla:zt vnves or significant
pressure waves, but instead gererate only transient
fireballs as flame fronta prograss at rather low
rates (meters per second) through the combustible
mixtures.

But, when the combustible mixtures are ignited
inside a sealed or vented enclosure, the confinement
provided by the enclosure can allov significant
preasure rises which can disrupt the structure. A
typical pressure history for such an explosion
within an unvented enclosure {s shown in Figure &,

The maximum rate of pressure rise g%. and the

maximum pressure Py are determined by the reactivity
of the particular materisl, the fuel-air ratio, the
amount of material, and the volume of the enclosure.
When the enclosure has a vent ares, covered by a
vent designed to open at pressure P,, the pressure-
time history is» wodified as shown in Figure 5. The
amplitudes and times of the maxima Py and P, are
functions of the gas flov dinamics through the vent,
and either Py or P; may be the maximum pressure.

Table 2. Heat of Combustion for the Various
Combustible Test Materials

Materfal Heat of Combustion (cal/gm)
PBX-9404 2369
Polycarbonate 7123
Acetone 7363
DMF 6259
Polyethylene 9400
Aluminum 7400

»(t)

4

™

tf td -din

Figure 4. Schematic Overpressure-Time History in
Conftined Gas or Dust Explosions (Ref. 10)
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Pigure 5. A Representation of a Pressure-Time
History of an Unvented (Curve A) and Vented
(Curve B) Deflagrative Explosion (Ref. 13)

The voluminous data and analyses in the liter-
ature (sec Ref. 10) on the characteristics of these
pressure histories can be condensed and presented
in compact form based on similitude analyses
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(Ref. 6 and 7), Bradlevy and Micheson (Ref. 11 and 12)
present scaled upper limit curves for gas explosions
in vented vessels. These are reproduced liere as
Flgures 6 and 7. in these figures, the dimension-
less terms are

AK - —_
— o * I
e Sﬂ bl Pm Pn.n (2)

A=
vwhere A {s vent area, Ag internzl surface area,
Kq discharge coefficient (70.6), U 18 gas velocity
ahead of a flame front, a, is ambient sound speed,
Py is maximum pressure and p, is ambient pressure.
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Figure 6, Safe Recommendations for Uncovered
Vent Areas. Gaseous Explosions (Ref, 12)

For dust exploaiopy, maximum pressures are
also a funcrion of the dust vreactivity, and &
scaled vent area. Figurc 8 shows scaled plots of
Py for dusts of increasing rcactivi®y, ST1 through
ST3. Here A is defined somewha’ diiferently, as

= 2l
Av (A/v H (&)

where V-1s volume of the enclosure.

In either gas or dust explosions of this
nature, the dimensionless maximum pressure rate for
a given combustible mixture is

PR V|
P @V T ap) . (4)

This scaling is consistent with Bartknecht's "cube-
root lav.” (Ref. 3)
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Figure 8, Scaled Maximum Pressures for Dust
Explosions Versus Scaled Vent Area
Ratic (Raf, 10)

It is also ~lea: from Ref. 11 and 12 that the maxi-
mum pressures z:tainable within enclosures for
gascous explosions are remarkably constant for all




combustible gases, varying from about 8 atmospheres
for natural gas to only 10.25 atmospheres for
acetylene.

CLOSURE

Even though the materfal on gas pressures for
explosions within enclosures vhich is summarized
in this paper shovs an exten:ive experimental and
analysis Sase, thcre are still a number of sig-
nificant data gaps which limit our ability to
predict these pressures. These include at least:

o Lack of deta on pressures generated by
HE-combustible combinations

o Lack of data and validated asnalyti:
methods for effects of vent cover
parameters for HE explosions

o Lack of data for mixtures of combustible
gases and dusts

o Lack of data for dust explosions in real
configurations, such as gxgin elevator
gallenes.

o lack of data for effects of vent cover
paramcters for gas and dust explosions.

Not all of thuse gaps are important to weapons
effects analysts, but all are quite important in
the explosives safety comsunity.
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STRUCTURAL RESPONSE OF RC-MEMBERS IN CASE OF [MPULSIVE LOADING

Failure Analysis in Bending and Shear

Cornelis van der Veen
Johan Blaauwendraad

Delft University of Technology, Delft, Holland
Rijkswaterstaat, Structural Research, Utrecht, Holland

ABSTRACT

‘Beams . one-way slabe subjected to impulaive
leading are analysed with aid of a »wmerical model,
which e kept as simple as possible, and which fe
suffielent powerful to simdate real beam response.
Therefor the beam is schematized as a system of
rigid sections and elasto-plastic hinges whtsh can
account for hysteresis. The equations which hold
Jor this disercte model ave presented. They are
solovd by use O the syatems dynamics lamguage
Dyname,

In case of the application of an impulsive loading
to a simply supported beam a very typical pattern
of 'traveiling' plastic hinges mzy ocour, different
to what is Moun from statie loads.

In caee of the applivation of an 2xplosiwe load to
a beam with vlamped ends, the simlarity with
stacic results is much greater. Ir. the example

o) the flat roof of a traffic tunnel howvewsr, the
shear furlure criterion ts extremely Jdominast,
giclding strongly peduced allowab!e peak valuos

0" the explosive loads.

PROBLEM STATEMENT

Increasinglv more we need to examine the strenath
of rc-structures in case of dynamic loading, The
load can be a locai impact or more general sore
kind of distributed impylsive loading. This paper
reports on a study which has been originated by
questions whether or not to transport explosive
Viguified gasses through traffic tunnels of rec-
tangular cross-section. Especially the roof slab
of the tunnel is studied, and for this purpose
a strip of 1 m width has been examined. So the
study regards a beam type structure, and in fact
the results have been more general purpose than
strictly spoken was needed for traffic tunnels,

The understanding of the structural behaviour of
rc-structures is increasing rapidly. Research

of last ten years has yielded a fastly growing
number of toois to amalyse total structures or
members. At least as far as static loading is
concerned which increases monotonically, Progress
is also being made for repeated static loading and
cycling static loading, in which the problem of
stress reversal has to be dealt with. A less
covered area is the dynamic response of rc-struc-
{ures. In this case all mentioned aspects of static
loading play their role, but above that the
equations of motions have to be integrated in the
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time dumain. Authors fee) that the present-day
finite element programs have proven to be power-
ful in the field of nonlinear static amalysis of
elastic structures, and even for the nonlinear
dynamic analysis of metal structures, Experience
and expertise for the nonlinear dynamic analysis
of rc-structyres is still poor however. A number
of problems arise simultaneously in that case, for
instance the correct choise of failure criteria, a
satisfactory formulation of the softening problem
after cracking, and particularly the problem of
numerically stable processes for the integration
in time of the equations of motion in case of
such specific nonlinear phenomena. Therefore the
nowaday finite element programs may give rise to
problems which are connacted with the mathemati-
cal algorithms, rather than relevant for the
structural problem which is being studied,
Authors expect much futural improvement in this
field, but for the time being a well-proven
approach is preferred which yields inmediately
insight in the structural respons, whithout
being troubled to much with nuierical problems.

The adopted simple beam model is used to gain
improved understanding of elasto-plastic flexural
structural response in the case of a beam subjec-
ted to impulsive distributed loading. Two special
cases are discussed in some detail, The first one
is the response of a simply supported beam, and
the second one is the behaviour of a clamped beam.
The simply supported beam is of interest to explain
experimental results. In experiments it has been
found that beams which have been subjected to
distributed load of short duration may not get
plastic hinges or fail in the mid of the span, but
at positions more close to the supports.

The clamped beam more or less reflects the situa-
tion of a strip which can be taken from a roof slab
n a traffic tunnel, Now questions arise which re-
inforcement is optimal, and which capacity a beam
has for severe combinations of dynamic moments and
shear forces.

DESCRIPTION OF THE BEAM MODEL

To achieve the simple beam model which has been
aimed at, two decisions were made. The first one
regards the mechanical modelling of the beam. We
used the well-known discrete model in which 2 con-
tinuous beam in bending is replaced by a set of
rigid sections and flexible rotational hinges at
the nodes where sections join together, fig. I.
The mass  of the sections is Tumped at the nodes,

BEST AVAILABLE COPY
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and likewise the time-dependent distributed load on
the sections. The length of the sections is v. The
flexible hinges are modelled as  elasto-plastic
springs.

Fis. ! Example of a slamped continuous heam in ben-
ding whish has been mode!lled by a system of
riaid secticns wud flexibie aprings.

The second decision regards the integration of the
equations of motton. In stead of once more writing
a specific compyter code, we profited by the avail-
able systems dynamics package Oynamo. This language
facilitates the stepwise integration in time of any
set of first-order linear or nonlinear differential
equations, Though Dynamo has been developed at MIT
for socio-economical time-dependent problems, it
proved to be possible to use it in the engineering
field as well. Be it, that structural plastic irre-
versal deformation had to be interpreted as some
tyce of an economical delay!

The two decisions, to use the discrete beam mode)
and to make use of Dynamo, ar- in fact just one de-
cision. Due to the discrete mnde! we are able to
use Dynamo, becauze of the fact that this mode)
description can yield first-order differential
equations in a simple wey.

Mt

Fi3.2 Elasto-plasti~ chamacteristics of the

Slerltle apeiege.

We have to become more precise on the characteris-
tics of the flexible springs in the discrete model,
We will discuss the situation of a prismatic bean
in which different percentages of top- and bottom-
reinforceneat can be used. First of all, it is im-
portant to describe hysteresis in an appropriate
way, becs.ie of its strong dasping action. In lit-
erature 3 v-# giagram is used as is shown in the
mid part 4f figure 2. This diagram is derived from
the relation between the moment ¥ and the curva-
ture ¢, for in fact # is equal yx , and the diagram
holds for situations as occur with earthquakes
during which cycling of the loads miy last a number
of seconds. In our case of a puls Yoad ar explosive
1o3ding one may expect that we do not run through
the diagram a couple of times, but just onc time
due to streng plastic damping. After that the
vivration will vanish elastically. This made us de-
cide to use the more schematized M-7 diagram which
is shown in the right-hand part of figure 2.

The stiffness ¢ of the elastic branch is essily
derived from the bending stiffness &/ which holds
for a rc-beam. Me consider a part of the beam of
Jength y and require that the discrete model yiekis

‘l

an equal angle # as will occur in the res! contin-
uous beam when the same moment ¥ is applied. From
this we derive ¥=C# in which C=EI/y.

The horizonts) platedus in the N-# diagram sre de-
termined by the plastic dending moment which fol-
lows from the applied percentage of reinforcement.
Also the ultimate value of # mdthe inelastic ro-
tation capacity ’P must be doteminred. F

°i1 1‘“‘({ =
Q.‘lo:t | g dlrm

Fig.§ Each nade of the dtacrete model «un be con-
sidercd a8 a masa-spring-system.

Each node of the discrete model can be considered
a5 a mass-spring-system (fig.3). Three forces act
on each node: £ . ; which is tne external 10ading
consisting of a static part Fyp,, and a dynamic
part l‘}iy.,,Fi;, due to the inertia of the mass, and
Tapping YMCh is the difference of the shear forces
on'both sides of a node. We introduce u for the
acceleration ¢f a node, v for the velocity of a
node, v for the dispiacement of 2 node and m for
the Tumped mass. The integration process is as
follows. Starting from known values w(t), »(tJ and
alt) at the beginning of a time step At, we calcu-
Tate for each node using Euler's method the values
wit+At) and v(t+nt) at the end of the time step by
wltshtizult) ¢ AL vlt) [ v(esbt)zvlti+ht.alt) (1)
From the new valyes v we succesively calculate tor
each node j

®,nng

F=(temlak)fy w=nlg’ (2)
=W 2y A =)/ (3
Fopring=i = 4
Herewith & new value art+At) is calculated for e:gv;
node:  afteAt)=(F = Eanping!/m
which facilitates ﬁse (ﬁ l’g'gin for the

next time step. The scheme has to be adapted sligth-
1y for a node at a clamped edge; equation (2) has
a modified form in that case. The scheme implies
that we have known values at t=o for the quanti-
ties w,v and 4, which are derived from the boun-
dary conditions at that time. If the bending mo-
ment W foom (2) excesds the value of the plastic
momont, this value is taken. Also specific atten-
tion is 9iven to unloading processes and the re-
lated hysteresis, which will not be discussed here.

ULTIMATE STRENGTH AND ROTATION CAPACITY

The characteristizs of the M- as were adopted in
figure 2 presuppoie that the beam hus been desigrec
in such a way that no failure in shear occurs be-
fore the plastic moment has been reached. It has
3150 been adopted that the rotation capacity is
not influerced by the presence of 2 shear force.




In genera' this is true because of the applied stir-
rup reinforcement in bheams.

However, another situation applies for slabs, be-
cause of the absence of stirrups. Sc the strip which
can be selected from a tunnel roof -though being
treated as a2 beam- may behave in anoiher way. In
that case a cross-section can fail for combinations
of a bending moment and a shear force in which the
bending moment 1s smaller than the plastic moment.
Brittie failure will be the case then, Or, in case
that the plastic moment can be reached, the rota-
tion capacity may be reduced. So, limitations on
strength and deformation.

As for the strength, shear failure strongly depends
on the relation of M and @k, in which & is the ef-
fective depth of the beam. For different values of
N/Qh different failure mechanism; will occur, each
with its particular strength. In case of static
1oads one normally differentiates in the following
rodes:
-a shear crack grows from an existing bending crack
{flexural shear failure);
-a diagonal crack in the web occurs due to tension
strecses (tension shear failure),
We need not consider cases with diagonal crushing
which only might occur when stirrups are applied.
Neither we need view the case of failura ip the
anchoring zone of the main reinforcement.

For static loads Rafla has proposed an appropriate
formula to estimate the flexural shear strength
of a beam. He derived the formula in a statistical
way from 2 large number of tests. We adapted the
5% lower boundary of all results for application
in dynamically loaded structures, yielding

T dgn = Oy fRe b B0 (8/m) (6)
Herein 1, 5., is the nominal shear stress which
has to be'(muplied by the effective depth and the
width of the slab strip to find the shear force,
Jeo V8 the cube crushing strength, w, is the per-
centage of reinforcement, and % is the effuctive
depth of the slab strip. The value a ;. depends on
the relation of ¥ and Qh: ¥

Aguy = 0.3~0.03 M/Gh N
The’Ether failure criterion for tension shear more
Vikely will occur for values of the bending moment
which are smaller than the flexural cracking mament
at which bending cracks come into being., For such
smali moments (thus small values of A/Qh) no flex-
ural shear failure mechanism can develop. The ten-
sion shear failure will occur if the princigle
tension stresses in the mid-plane of the strip ex-
ceed the dynamic tensile strength fop .. There-
fore, a good approximation of r at terSion shear
fatlure reads u

{8)

ks = 0,67¢,
The de8Paination s ¥re flexura) cracking moment
can not be done very accurate however, because we
use average dynamic properties of the concrete.
Therefore we prefarred to make the transition de-
pendent on the value of N/Qh. Rather arbitrarily
we decided to use the tension shoar failure cri-
terion for values N/Qh<0,75 and the flexura) shear
failure criterion for values of N/Qh>1,75. In be-
tween of these values @ gradual transition has
bemn proposed from thy one tailure criterion to
the other.
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Figure 4 shows the result of this decisicn for a
specific slab strip.

r“”I tenaion shear

feilure criterion
i

\ ransition from the one
! ‘( criterion o the other
!
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Fig. 4 The failure emvelope for the shear strensth
tn oqse of a particular comorete quality,
percentage of reinforcement, and depth of
the elab,

We now concentrate on the deformation capacity. In
the case that no stirrups are applied, the shear
force rust be partly transferred by the compression
zone of a cross-section. When a plastic moment
starts to occur, the compression zone will become
smaller for increasing curvature. However, in this
plastic case almost all shear force has to be trans-
ferred by the compression zone, due to large crack
widths, At certain deformation the compression zone
will have become so small that fuilure (by shear)
occurs, Hence the rotation capacity #,o, which is
left over when a shaar force is trans¥erred, is
smaller than the rotation capacity £, which is at
disposal when no shear force occurs,” The reduction
depents on the ratio of the present shear force ¢
and the ultimate shear force €. which anyhow can
be transferred by the concrete. This latter value,
holding before large shear cracks come into being,
can be calculated with aid of the Rafla-formula

(6) which has been adapted for dynamic conditions.
Figure 5 represents the adopted dependency of t'e
rotation capacity on the shear force.

(3 ,
-

0 )

Fig. § The rotation capacity ‘pé"dccrauua for an
tnoreasing shear jorce Q

APPLICATION TO A SIMPLY SUPPORTED BEAM

In this apnlication it is assumed that the beam
can not fail in shear, So it has been adopted that
sufficient shear reinforcement is applied.

The span is 15000 mm, the Jepth of the beam is
1200 wm and the width is 1000 m. Top and bottom
reinforcement percentage is 0.3%. The concrete
guality is B22,5 and steel quality is FEB 400.

or the concrete material we introduced
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Fgp= 520 el

Tﬁe span is mode’led with 12 discrete sectiors,
which implies that the length of a section is to be
compared with the depth of the beam. The 103d in
each node consists of an impuls 6 k¥a at t=o, The
lumped mass ~ in each node is 3600 kg, so the im-
pulsive load yiclds an inftial value of the velo-
city v = 6000:3600 = 1.7 m/sec. One could interpret
the analysis as an experiment in which the beam
falls freely from some height until it hits at time
t=c the two supports.

Results of the analysis are given in fig. 6. Herein
the distribution along the span of the beam i3 shown
for the moment ¥ and the shear force Q for differ-
ent times ¢. At small values of time ¢ the beanm
hardly feels that the supports have been hit. Only
at the end strong curvatures and thus moments occur,
Als big shear forces appear in these parts of the
beam. When time goes on the bending moment diagrem
changes of shape and the displacement diagram
developes in an expectcd way. One can easily see
that a wave of shear force travels through the
beam. In tota! agreement with the development of
the moment disgrams one also can note from the
plots in fig. 6 that plastic hinges come into be-
ing at some distance from the supports and then
“travel” to the mid of the span. Also some plots

in the time domain of a displacement ., a moment
N, and a shear force ¢ are shown in fiy. 6.

The alternating character is demonstrated once

more in these plots. (n the same figure it is

shown for a couple of hinges which path has been
run through in the elasto-plastic v-4# diagram,

From this it appears that the beam after some time
vibrates in an elastic way over its whole length.

In conclusion, it is felt that the runs made, have
shown that the elasto-plastic discrete wodel is
able to represent the main characteristics of the
benavicur of 2 beam for impulsive loading in a
satisfactory way. Though the real behaviour in
detail may be slightly different, the global be-
haviour is modelled in an appropriate way. Avail-
sble experimental data are confirmed by the results
of the model. This holds at least in a qualitative
sense, but also the quantitative information sounds
profound.

APPLICATION TO BEAM WITH CLAMPED ENDS

We now consider 8 beam with clamped ends, which is
representative for the response of the roof of a - -
tunnel in which an explosion occurs. Fig. 7 shows
the cross~section of a typical traffic tunnel ac

it is-applied in the western part of the Nether-
lands. The pres<ure-time plot of the shock wave

due to an explesion in a tunnel is shown in fig. 3,
Herein Pmy. is tr< peak value of the pressura,
which is expressed in bars (1 bar = 100 kN/ml), and
t; is the duration of the phase at which the pres-
sure is present (positive phase}. 2fier t=ty suc-
tion may set in (negative phase). Th. pressure-
time plot appears to be described arcuratsly by the

formula t -ad
p{t)rpmu,[l t, T
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The coefficient a is 3 shape factor of the shock
wave, In a tunnel its value can be set to 4.
Dependent on the type of liquified gas, the peak
value can be of the order of 10 dbar up to 25 or 30
bar for the worst type. Tests in small scale tun-
nels show a positive phase duration t; of about

50 ms. It is not quite clear which mode! lawapplies
to determine the value of f; in a real tunnel, but
it should be expected that may increase. There-
fore we have examined the tn‘;luence of three values
of t:, namely 50 ms, 100 ms and 150 ms.

Prrax

g

0 Y —=t

£I{y.8 Mressure—time plot for an explosion in g
tumnal,

Firstly we made an amalysis of a beam with clamped
ends, assuming that no failure due to shear will
occur. The span is 15 » and the slab thickness

1.2 m, We started with a high percentage of main
reinforcement at the top and bottom of the slad

of 2.5%. This yields the following capacity of the
beam, which is determined by exhausting the ulti-

~ mate rotation capacity.

-
r tj pm\u(mt.‘\zp.)
&0 ms 60 bar
woz 2,5% 100 ms 34 bar
- 150 ms 28 bue

We ses  thit .. reduces far increasing tj. Though
not exactly true, cne can roughly say that the pro-
duct of £, and £, is constant, Or said in anotrer
way, that the totd jmpuls is more of less deter-
mirirg. In all three analyses plastic hinges come
into being at the clamped ends and at nid span, in
the same way as is found for a static load (so




different from what we experienced for a simply
supported beam),

The analyses may produce finsight and understan-
ding, they have however no practical value because
of too high shear forces. In slads without shesr
reinforcement the allowable nominal shear stress
T, 15 of the order | N/mmZ, and we have found
values between 5 and 8 N/mm2. So the real applica-
ble Fp e will be much lower.

To demonstrate the influence of the shear failure
criterion, 3 new series of analyses have teen then
executed, for reinforcement percentages 0.7, 1.1,
1.8 and 2.5, Here we only present the results for

oo * 1.1%.
ty ‘mzrot.m;:. Tm ‘a‘:.s.zr Saroure)
50 me 26 bar ? bar

9,2 HE ) co ma 14 bar 4.6 bar
150 ma 2 bar 3 bar

We see t.at the application of the shear failure
criterion strongly reduces the sllowable Py, ., 83
compared with the situatfon in which one just checks
the exceedence of the rotation capacity. Roughly
Tmqr decreases to one third, And for higher percen-
tages of the reinforcement the reduction is still
more severe,

An inspection of the results learns that even no
plastic moments occur anymore, because of early
shear failure. Whilst the moment diagram along

the span is similar to the distridbuticn which is
found for a static load, the distribution of the
shear force is quite different. Failure does occur
rather close to the mid of the span in node 5 or 6!
The analysis for £ y= 152 mc has also been carried
out for the other percentages of reinforcement which
have beer. mentioned before. Supprisingly emough,
the allowadle 'n . in all cases was 3 bar. 1t is
true, the allowable shear force does increasy for
an incredsing percentage of reinforcement, but
apparentiy also the acting shear force can become
bigger, due to an increasing bending stiffness.

CONCLUSIONS

A discrete beam mode) consisting of rigid sections
and flexible hinges is a powerful too! for better
understanding oi the elasto-plastic response of
reinforced concrete beams which are subjected to
inpulsive loading, This is achieved thank to the
fact that the governing equations of such a mode!
are edsily solved by the use of an available
systems dynsmics language Dynamo.

For simply supported beams impulsive load ylelds
a moment distribution and shear forces which
strongly differ from the ones wnich hold for si-
mylar -static Yoads. Provided that no shear failure
occurs, plastic moments can occur at positions
along the span at some distant of the mid. The
plastic hinges thereupon travel to the mid of the
span.

In case of the examined beam with clamped ends
(simulating a tunnel roof) the results are differ-
ent. The moment distribution is more similar to
the one which appears for static loads, but the
shear force still differs, be it Jess than in a
simply supported beam.

From this one can conc ude that an {dealization of
2 tunnel roof to a sin)le-mpss-spring-system is
accurate for the displicement and moments, but may
be misieading for the selue of the maximum shear
force and the position along the span of its occur-
ence,

1f a0 stirrups are applied a shear failure criter-
fon has to be introduced, which strongly reduces
the allowable load, and in most cases no plastic
ninges will come into being anymore,

ACKNCWLEDGEMENT

The study has been exccuted as part of the fulfill-
ment of the requirements for the degree of civil
engineer at Delft Untrersity of Technology.

Mych thank is indebtei to prof.Or-Ing, H.W. Rein-
hardt and his co-worker dr.ir. J. Malraven for
their advice and support in deriving an appropriate
dynamic shear fallure criterion. We also highly
aporeciate the readiness of mrs. Joke Oud for
typewriting the paper.

REFERENCES

1. Blasuwendraad, J; Methods and Possibilities for
Electronic Analysis of slabs (in Dutch). De In-
genteur, Yol, 03, 7 Febr. 1969.

2. Pugh, A.L.; Dynamo I1 User Manual, &th edition.
The MIT press, 1972,

3. Monnier, Th.; The Moment-Curvature Relation of
Reinforced Concrete, Heron, Vol. 17, no. 2, 1970.

4, Rafla, K.; Emnirical Formula for the Calculation
of the Shearcapacity of rc-beams, Part 1 {in
German). Strasse, Bruecke, Tunnei, Dec. 1971,
no. 12.

5. CUR-YB report 108: Plastic Minges (in Dutch),
Sept. 1982,

§. Walraven, J.C.; Shear Capacity of Reinforces
Concrete Beams and Lightweight Concrete Beams
without Shear Reinforcement, (in Dutch).
Betononderzoek, Delft University of Technology,
1989,

7. Van der Veen, C.; Bladuwendraad, J.; Dynamic
Elasto-Plastic Mode! for RC-members in case of
Impulsive and Explosive Loading, Rijkswaterstaat,
Structural Research, report no. 83-01, Utrecht,
Holland (extended version of the paper; sum-
mary of thesis of C. v.d. Veen).

187




1

N COMPARISON OF PREDIZTIVE METHODS FOR STRUCTURAL RESPONSE
Y TO HE BLAST LOADS

Waghington T, Char
Michael M. Dembo

US Army Corps of Engineers
Huntsville, Alabama

] ABSTRACT

~Nunerous methods for predicting structure re-
aponse to airblast caused by HE explosions were

AbPOQ174

developed during the last twenty yesrs. The rigor,

complexity and sophistication of the metnods are
knosm to cover a wide spectrum. Some the less
complex but widely accepted methods are examined,
asscssed, and discussed relative to their degree
of conservatism. To support their assessment,
the authors critically examined the structural
design parsmeters used in the predictive methods,

RACKGROUND

The Curps of Engineers, as the Army's
designer and butilder of military facilities,
msinzains a continuing interest in the technol-
ogy of the effects of weapons and explosions on
structures. The earliest design techniques were
related to projectile penetration and touen came
the great interest in effects of nuclesc weapons
includirg blast, shock, and other associated
effects. During World War I, there developed
relatively crude procedures usually "rule of
thumb" methods to estimate effects of accidents
at the many munitions and e¢xplosive manufacturing
facilities which we rapidly erected during the
period 1941-1945. In the last 30 years, problems
of design of structures to resist the effects
of HE explosions have been addressed on a more
rational basis.

Two of the most recent non-nuclear documents
reflecting the Corpa’ efforts are ™ 5-1300,
Structures to Resist the Effects of Accidental
Explosions (1969), and KNDM-1110-1-2, Suppressive
Shield Design and Analyais Handbook (1977).

‘These documents, among other Corps references,
provide our basic guidance. However, the Corps
design activities have not been restricted to
these two documents.

Many wmethods conforming to other authorities
are also used. Some of the most frequently used
methods are: 4i) ASCE Manual 42, (2) Alr Force
Manual 500-8, (3) Defense Civil Preparedness
Agency (nov Federal Emergency Management Agency)
Protective Construction, aad other texts usually
assoclated with structural dynamics.
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APPROACH

Our experience with HE explosions typically
centers on three basic types of airblast loading:
(1) pressure-time (triangular), (2) impulsive,
and (3) the combination of impulsive and pressure-
time loading as shown {n Figure 1,

Accordingly, each of these loads was sepa-
rately included in the analvsis. It was consid-
ered fmportant that these loads be treated
separately in view of possible variances in con-
servatisw in the methods under the different
loading.

TYPE OF LOADING

'
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Figure 1

Since reinforced concrete prevails among pro-
tective structures, we selected a reinforced
concrete wall as the structural elesent for our
assessment of the methods. After determining the
loads and the structural elements, we proceeded
vith our analysis.
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STRUCTURAL CAPABILITY By locnting the coordinate (t a P), the
ductllltv ratio may be cstimated bv in[erpol.!ﬂng
The two-sav reinforced concrete wall in between the u's. For a ductility ratio, v = 3,
Figure 2 was designed for flexure an fndicated two curver are shown; one for T™ 3-1300 method
by the main reintorcement. No shear calculations and the other for the suppreasive shield method.
were made. For our vurpuse, it is assumed that Al]l the other methods previously discussed are
shear say be adequately provided. Flexural distributed in the shaded band. A close obnerva-
strength and other structurasl properties are tab- tion indicates that the T 5-1X0 curve i3 wmore
ulated fn Table 1. These were used as the basis conservative than the others, because being on the
for calculating deflection used in our comparison. lower side of the shaded bind it has more restric-
R tions on the limits of pressure and duvation for

"} the given ductility ratio, u = 3. The Suppressive
) Shield Handbook curve is lesn restrictive. allow-
ing 25 percent higher pressures for the s.me dura-
tion and ductility ratio.

-Q.0I0EW EF

11~ Y"COVER INPULSIVE LOAD

® \ When the wall is impulse sensitive from close-

W WALL in explosfons, deflections are also predictable.

10FT WIDE (INSIOE) Based on the curves in Figure 4, the ™ 5-1300

1 curve on the lower side of the shaded band is con-

[ PROPERTIES servative because being on the lower side of the

1, * 40,000 pai shad~d band, it has wore restrictions on the

1¢'s 5,000 ot limite of the impulse for a given deflection. The
! Suppressive Shield Mandbook curve is less restric-

\ -_. tive allowing 20 percent higher Llapulse for the

same deflection. Curves for the oth~r methuods
are distributed within the shaded band.
REIN F?ECER
CONCR WALL DEFLECTION OF AEINFORCED
(TWO-WAY SLAB) COMCAETE WALL - (WAL SIVE g
Figure 2 LOADING E
L ]

I
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TRIANGULAR LOAD

P
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A family of curves is plotted for the rein- [WRYTN
forced concrete wall to predict the wall deflec- e
tion resulting from a triangular pressure-time f .. IR
lead. Each curve represents & specific ductilfey i - - ‘j‘_.,u-"" -
ratio, u, hence deflection. See Figure 3. a ) ; S SRR
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b7 EJ i - ) -
ta 3 'Y s r,' :
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Coml e COMBINED LOAD
i“ The combined 1oad consists of an impulsive
i load followed by a prolonged gas pressure. A
iy ket e ] family of curves is shown in Pigure 5 and zach
IR - ] curve ‘epreseats a specific ductility ratio, u.
: 4]
’-“ . y
i ." r-
s e N -
AMATIN, \, ¢ &
Figure 3
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After locating the coordinata (Pge. 1)), the duc-
tility retio, u, can be .-u.m! by interpola-
tion between u's. The ductility ratioc curve u = )
for ™™ 5-1300 and the Supprassive Shield Bandbock
upthods are shown. It can be demonstraced again
that the T 5-1300 cirve on the Jower side of the
ehaded band is more conservative than the
Suppressive Shield Janddook curve on the upper
side of the band. TM 5-1300 is sore restrictive
on the limits of fmpules and gas nressure for a
given ductility ratfo, u » 3. The Suppressive
Snield curve is less restrictive allowing 15
percant impulse or 0 percant higher gas pressure
for the aame Jductility ratic.

DEFLECTION OF AERWORCID H b [ CoaD
CONCRETE WALL - COMDWIED B -V LoAD
LAD ',
1,
o > |

° |
L] » » mn L 1] n W w0 00 10 10 1N
L4
0AS PREIRTE, %y , W O8I

Figure 5

EXAMPLE

The chargs weight, distance and load para-
meters are shown in Figure 6. Thess nusbers
provide au appreciation for the magnitude involved
and an understanding of the curves. Applying load
paransters on the wvall, deflections are eatimated
by using Figureas 3, 4, and 5. Thess examples are
not reatricted to any one msthod, i.e., both T 5-
1300 and Supprazsiva Shield methoda are used below.

For tha 8000 IWT at 100 feat, whare Fy = 90
pel and t, = 16 ms, selact from Pigure 3 (TH 5~
1300 curve) approximats u = 1.4 or Xz ™ = 1.4
% 0.13 io. = 0.2 in. Por the 3i2 'h. TNT &t 10
feat, vhere i, * 1920 pai-mc, salect from Figure
& (Suppressive Shisld curve) Xg = 7.4 in,

For the containad 3 1b. TNT at 5 feet, vhare
i = 184 pai-ms and Pgg = 64 pai, select from
Figure 5 (TH 51300 curve) approximate u = 1.3 or
Ig » 1.3 x 0,13 = 0.2 in. Thess duflections
compars well with the calculated Jg in Table I.

-

s —— ——
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ASSUMPTIONS ,

Four factora influance the ditfersnces in the
predictive mathods; yield line assumption, momant
of inertia, modulus of alssticity and lti}fnnn. A
axpected, the variance within thess factors aze the
basis for the differeacas in tha predicted deflec-
tioa.

YIELD LINE

In most two-way slab designs, the effective
unit resisting woments are assumed to be 'miform-
1y distributed on the yield linas. In T $-1300,
the effective resicting soment at the corners ate
reduced by one third. This raduction crusee the
TN 5-1300 wethod to ba aignificently conservative.
See Figure 7.

TWO-WAY SLAB
YIELD LINE DISTRIBUTION OF MOMENTS

a Ty

MOMENT OF INEXTIA

The formulas for moweni: of inertis ara shoum
in Figure 8.

FORMULAS FOR MOMENT OF INERTIA
(NDNPORCED CONCRETE SLAK)

B XTT XN N—

lo* B 1859 +0 u3) UPINGN) g3 o

A
e ffs M w2

Pgure 8

Appracigble difference in I, agppsars whan the
slab thickness is small, Thia is attributable to
the ume of “T" in Y™ 5-1300 and "d" in the othar
methods.
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WODULUS OF ELASTICITY

Whan 3600 psi concrete is spacified, the K.
fn ?igure 9 is the same for all mathods. Ses
intersection of curves.

MODULUS OF ELASTICITY (comenerer
Ees WHIIYTC TS 1300

Ec» 1000 t.'

Bxi0*
4 10
310
]2

Figure 9

Since wmost concrete sirangth for airblast
loads exceed 4000 psi, a diffarence in wodulus
of elasticity {s unavoidable.

STIFFNESS

With the excaption of protective coustruction
and Mamual 42, the equivalent stiffoesses are used.
Prom our preceding exsmple, the stiffneas by Manusl
A2 ia eignificantly .igher as shown below:

Manual 42 x = 807 lcla

Pretective Construction Y

L.’

. Cthers = 60SfE X
' A
L.

g oy 0

AT APV iy,

LISCUSSION

The assesement on the relative conservatisme
ar2 based on airblast data frow ™ 5-1300 curves.
The wore recent data in the Sup;-essive Shield
Handbook 1# significantly different. The differ-
ence in ipulsc is sean in Pigure 10. TN 5-1300
is ap much as 60 parcent higher.

R
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113 ' e
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Figure !0

1f the lateat data were separately ussd ir
the Suppressiwe Shield Handdook mathud, the

differences in conaervatise betwuen methods would
be more pronounced.

¥ have examined the ext-emas in the pre-
dictive methods. Of tha cix ssthods, no cowpari-
son was mad- as to how liow each related to the
othar in conuvervatizam. The buat hasis for jvdge-
mant is the cusparison of deflactioms in Tabla 1,

In our examinatisn of the mathods, we assumsd
all methods are conservetive. This aasusption is
suppostad by testing of full scala smd wodel
structures in previous Arwy programs associated
with the developmant of Corps or Engiceers manuals
for huvdened structures. Accordingly, we consider
the assumptinn to be reasonable.

CONCLUSTON
~

1o assessiug the relativa comaervatiea of the
wethods, the focus was on both ends of the spac-
trup; the most conservative om one end md the
lesst consarvative on tha othar. Ve identified
the T 5-1300 method as the wost consarvat:ve aad
the Sugpreasive Shield Handdook rmethod as the
leaat consarvative.




Besed on the maximm deflection, Xg. in
Table 1, the order of conservatisa baginning with
most conservative to least conzervative follows:

1, ™ 5-1%0

¢, manual 44

3, Protective Conptruction

A. Alr Force Manual

5. Bigge

6. Suppresaive Shiald Haandbook

In ganeral, becausa of aimilarity, it would
te @ore appropriate to group conservatism as
follows: TH 5~1300 by iteelf as the most conserva-
tive; Manual 42, Protactiwe Congtruction, and the
Air Force Manual in tha interxediats group; and
3igge and the Suppressive Shield Handbook as the
lsast conservative growp.
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RESPOWST OF A LINEAR STRUCTUNE TU AN RXPOMENTIAL PRESSURR PULSE

Pracklin D.

Maval Surface Weaponas Canter
White Ouk, Silver Sprisg, Wi. 20910

ABSTRACT

““Raplosion uynemics i comcarned with tha
reaponas of structures to latense pressure
loadings frem shock wavee. Nost imturactions
thst occur in practice sve very complex, so that
scaling lows are often employed to reduca the
mmber cf indepandeat vari dles to & lesser
nupber of dimgnsionless variadlas, Very ofcen,
thie makas the results emsier to interpret.
Bare, nav ainilarity varisbles are introduced
vhich lead to flatter reapomaa curves than thoss
obtained pravicualy.

The energy transfer from the fluid to the
structure is treated by computation of the fluid
work dons on the structure amd the imcresse in
elgatic enargy etored in the -tmtun‘[

INTRODUCTION

Undervater exploaicas produce & complex
tluid~structure interaction st the surfaca of &
submarged bodz. The pressura at the body
turfece is depandent not omly om the shape of
the body, but is wodified by the induced motiom
of the body surface. In geseral, because of the
soa-limesr bekavior of the wetar, tha surfece
prassure 4t amy particular time will depand om
the previaus hietory of the wotice of the
surface.

This means the free fiald pressure from the
axplosien iz wodified not ouly by shock
Aaflection from the body, but slso by the
particular path taken by the surface as it woves
under the pressure loadiag.

This paper is comcerwed with the epacial
cape whary the pressere wedification from body
surface matioc 10 meglegible. This usually
occars it the cede of enplosioms iu air. The
stroctur is aesumsd to be & iimsar epring-esss
system Jubjectod to aa expeseatial pressure
lcad, 4 developusat of wedel lowe for thin case
appasrs iv Oufarence 1. 1a this paper, wav
similarity verisbies are intredwoed which give
farther insight isto the dynemics of explosiom
imducead motioms of structures.

Baine

DYRAMICS OF A LIRKAR STRUCTURK

The single degree of freedoa spring—mass
system io governed by the differestial equation

P s ulx = P axpl-t/y) (.

©wrs & is the displacement, x ie the
accelaration, P ia the peak pressuve, t is the
time, and T is the chareactaristic time of the
pressure pulse. The natural frequency w is
given by

» = Vi (2.

where & {s the linear epring constant, and W is
the mass of the body surface per unit area. The
boundary conditions at ¢t = 0 ara

ts0: k= xe=0 ).
vhere z is the velocity of the surface. The
scfution of this systex is cecillatory with the

wozimm displecement xm resched st time ta.

) (Y caov}nhat to introduce the following
\i—uioahn varigbles:

x>k xf/p ).
™ ek om/? ).
T:. T 8.
Tt ut \ m.
ey tu (n

In tarwma of thease new vatriables, che solution to
Bquation (1) that satiafies tbe doundary
comditions givem by Rquation (3) is

x - ~€/T) —os t + (aim VY] (9.
1 i!

The calatiouchip betwees the expewentisal
preséurs loading amd the resultaat displacement
of the atructure is showm in Pigure ).
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TIME OF MARIMUN DISPLACEMRNT

As indicated {n Pigure 1-A, the mazioum
displecemant wm of the structura is resched at
timn tw vhen the velocity venishes.
Differentigtion of Bquation (9) leade to tiw
expreosion

Tenp(-ta/T) ¢+ T einta e crs tmw 0 (10},
The time at maxieuwm dieplacemnot {e showm le
Pigure 2 as & function of the charactacistie
losding time.

NAXTHUN DISPLACKMENT BASZD oR PEAX PaRisuURl

Substitution of t@ lnte Rquaticn (9) leade
te tha distridutios of the msxiomm ajoplacement
function x@ ~howm in Pigure 3. The sanieum
displecoment functioa, 2s lefined by Bquation
(5), ia the ratio of maxisum displecessat to the
displecemant that would ecccur wader s stetic
loed equal to the pesk pressure. A dissdvemtage
of this definition is that it is indepesndent of
the shape of the prescure pulse. Thic prodecas
the large varittion in ¥R shown ix the Pigure
3, A flattor respenss curva cam b obraised by
basing the displecement ca an aversge pressure
axcrted on the wall, rether tham the poak
presaurs

AVRRAGE PRESSURE AND ASPLIRD IMPULER

The definition of tatal iwpulse {s

o
1= f plt) d¢ (11).
° .
Por the expcnantial losding ueed here,
P el/Y (12).

Because the totel impulee includes the pressura
loadiag applied to the otructure afier it hee
reached ite maxiaun displecement, wa introduce a
now oimilarity variable, the applied impulee J
defined by the shedad regiom ia Figure 1~3. By
tizing the upper limit of integration to the
tioe of waximum displacomant, the applied
impuloe is

J "f plt) de
©

Prom Pigure 1-B, che avsrage pressurs, applied
up to the time of maximm dafliection, is

am.

Po = J/ce (14).

Por the expewential looding cossidered hera,
Reuatice (14} bacomss

Pa = (7 T/ta){1 —emp(-ta/D)} Qas).

o e - )

NAXDRRt DISPLACENENT DASED OR AVERACE PRESIVLZ *

A new dieplacament fusctioa sanlogoue to
Bquation (3), but based ca the &verage pressure
inetead of pesk presgure is

-t =k am/Pa (16).

A plot of this fumction, shouviag the relatively -
flat response is showm in Pigure 3. A quasi- -
stetic 1oad vith T = 1000 will produce & manimum
deflection that is 1.27) timae la
prodwced by o impuleive lood with T = .0}, if
the averege preasur: Pa ie the same for both
lnadings. Im thio comparises, the manimum
deflection ma ia wot very ceasitive to the shepe
of the pressure pules.

PRARK AFD AVERAGE PRESSURE FUNCTIONS

In Refereace 1, a paak preasure functiom wae
defined as

Te2p/nxm) an.

The dencninator oa the right represents the
oazioum alastic emergy stored im the spring.
Thic occurs at ihe tims of maxiem
displacemut. MNare, ar average presdsure
tunction is introduced in the form

Pa® = 2 Pa/{k xm) = 2/uw* (18).
This function gives the ratio of the swrage
pressure to the sverage epring force. Plota of
thesa pressure functions sppear in Pigure 4.
The applied prossure function ie relatively flat
compared to the peak pressure functica. Thiae
aasns that, over a wide range of values of the
characteriatic time of the pressure pulee, the
ratio of average prossure to the vazimum slastic
energy stored im the structure i almost
consteat.

YOTAL AND APPLIED DNPULSE FUNCTIONZ

1a Referente 1, s impuloe fuaction was
detined as
Teanm) =32 =T/m as).

are, this o >nploed ¥y aa cppliad lspulae
feaction defined a2

J% = J/(u W ma) * Pa® /2 = tiamo

As showm in $, I varios from 1.0 tev
impuleavo leadz 2o 1.377 ser quesi-stetic losdo.

(20).

The presssnry fwmatisa, tetal ispaise
tunction vespeusa curva fvem Bguatiom (19) is
showa is Figure 4. The surve is & Myperbela

r then that [ S

s

o




entending to {nfinity slong force and impulss
dtyuptotas. A correspondiag applied pressure
tunction, applied fapulde fuaction respomse
turve frem Bquation (20) Lo eleo shown. T
latter curee 12 4 small sagment of a4 Wyatdols
that gives the combinations cf applied preasurs
and applied {mpulve that produce the seme
wanigus displecomeat of the system,

RCY CORGARVATION

1f viecous dissipetion and rediation damping
from well metion are seglecied, the work domn om
the strecture by the fluld is comverted directly
into mimatic energy of the atructwre and elastic
onrgy stered i the opring. If time is
masured frem shock izpingement with the
strustute, the vork d¢one on the etrecture by the
fluid 2>conure up to the tine of waxiswe
displacomnt is
ta
W fu plt) 4t (n}.
°

where X is the eurface velocity. A werk
function in delfined by the axpression

Ve e N/ (P zu) Qn.

whare the demominater is the fluid work doau oa
the structure by & static load equal to P, With
th aid of Zquation (21), Rquatioa (22) becomes

Ty f[i’l‘z-zlcu't:l (23).
2fsin Tw -Tcos tm « Y )

vhere

K= expl-ta/Y) (28,
The fluid w.rk functiem is showm im Pigure 2.
As the preseute losdiag decowes motre impulsive,
the work doas DY the fluid on the structure is a
smaller parcentage of that produced by a quesi~
static load.

At gay iwmstent {n time, the fluid werk is in
esquilibrium with the elestic energy stored ie
the spring and Lhe kinetic anergy of the mads.
Thia can ba expreseced as

WwerlBeQ (26).
whare the elastic omergy (s

LR R LI (an.
ued the kioetic emergy is

Q= nzxlj2 (28).
RBevation (26) coan be writtea in the form

Cra/N= 1~ Qv Q).

After scwe manipulation, we obtaia

e _mkx__f_tp_a.;.l.ﬂ'_ (30),

(HeHF)Loni=-2hcon )

™ie twmction s pletted in Pigure 8 for
three valuas of tha cherectarirtic time ramping
from 0.1 to 1000. These curves correcpond to
impulaive, dynmmic, emd quasi-ototic loads,
raspactively. Bach curve sterts at sero tima
mad vade ot the time of manimwn deflection when
sll the fluid work om the strwcture io stored as
slastic emargy. Tor timeo Detween thess twe
eadpeints, only a fractien of the (luid work
éona on the strwcture o stored ae elastic

enargy. The balence, as imdicatad by Rgquetion
(29), Lo stored as isetic emaryy.

As the wall starts to move under the imtense
pressure loading, moat of the vork dome by the
fluid geas into Rinetic esergy. Ouly a small
porceatage gees into eiastic energy stored in
the sprimng. Aftar the well has reached its
maximm velocity, a grester percestage of the
work has been comverted iato elaatic emargy.
When the well finally comss to re:t at the
waximm displocoment point, all the fleid worx
is stored ae 2lastic emergy.

CONCLUS 1008

The respoase curves for a licear sprimg—wmace
syatem hos boen modified by the iatroductica of
new similarity varisbles. The applied impulre
i dafimed oo the impulse received by the
strectyre up to the time of weximus
displacemsat. Aay impulss received aftar this
time does net have any influemce om the
nagnitude of the maxizmwm disploacement, ond io
tharsfore naglacted. A2 average pressure over
thia time inteval was also {atroduced to de used
in place of the pesk prevsurs. Thia was chosen
because two differeat pressure loadings with the
sams inirisl pesk can have coapletaly dit lerent
responses because Lhair charactietic times are
differest.

The response curves for the maw functions
introduced heare are fairly flst and do mot
approach serv or {nfiaity as vhew the loeding
is static ov very impuleive, A structure that
recoives the same applied impulee from two
diffarent pressere pulses will receive
appronimately the same seximee deflection. This
canmot b said for two dilfereat puloes that
have the sams toRal impules.

& study of the eaergy Lresefer from the
fluid to the strecture indicates the vork domc
be the [luid is initially tremsformead mostly
iate kimetic emargy. iater, afrer the structurs
haa reazhed ite wsximem velogity, & grestsr
percentage of the fluid werk s stered ao




cledlilic onesgr ia tiwe opring. When the
structure hae raoched its manieum dieplacemsnt,
all the 2luid work {o storad in the spring oo
alectic energy. Ay eaergy remaining in the
puloe sfter the tims of manimm dioplocoment i
{rrelevene, ond {0 ecoentially weoted, eimce ¢
ceadht dave aay inflew-2te on the panimm
dioPlecamnt .

It {s oxpaeted that theeo repwlte will W
aigaiticantly wodified vhan the precsurs loading
le chonged by radiacion dewying produced by
fluid=gtrycture {utercction. Even whem tha frea

flold pressure iv sapezeatial, the esatusl
presoure et the surfoss of the otrwelure wili wo
longar bave that ferm of docar. This case,
which applies te oot wadervatar axplesioms,
uill bs the subject rf o fulure slwdy,

NRPSRRNCES

1. Beker, W. B., Koetime, P. 8., and Dedge,
¥F. T., “Similarity Methods in ngineccing
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ASSTINCT

“ ST retults of severs! tmvestt
stee) fiber re'aforced comrate s ) under ez
plestive Joading are presented. Tests using high
0xp1os 1wt were performed by the *).3. Corps of
l iagers to comper: reinforced concrete tlads
sing conveationsl concrete to sistler slcu wiing
snc‘ The convantions! tlabe vare m \y
diiintagrated. THe s1adt Containtng nu\uu
their t1ategrity aven severely domaged. St
tler reuits wre obtatl with exploaive mu
on 11eds by Lowreace Liverwore Liboretory, |
150415 by & penvdulvm-type tapacl Biching, b3 ln-
tic epact by 1)) arme fire, tapultive lcading on
Dedma and ¢ drop weight tmpact test. Use of
fn & reector contaiment structure {3 reviewsd.
Oesign atds and potenttal applications of SFRC for
biast retistance in strwctures ore ”“5'\

ADPO001748

t'om of

1
N

INTRGOLCT 10N

Prevedly the west outstanding improvements of
steel fider reinforced concrete over that of plain
concrete are tn fty evergy abtorption charecterts.
ticy and 1ty restatance to tmpact and explosive
100di9g.  The edvintage 13 not me-ely that of
Sreater toudhneis, but the presence of fiders pre-
vents the tota) distategretion and iha’toring of
concrete associated with thock loady. With fibers,
the cracks camnot axtend withoutl sretching and de-
bonding the fibers. As o result, substantia) aner-
Qy tmputs are necetvary before complete fracture of
the mataria!l car occur. A msasure of the ensrgy
abiorptiion properties or tovphness of stee! fidber
reinforced comcrete coaperyd to plein concrets cun
bt 190N Trom tie ared unier the loas-dellection
curves shoem in Figures | and 2 [1]. Many tests
thow thit Lhe touganess of steel fider relaforred
concreate {s an order of mignitude higher than that
of pletn comtrets [2,3].

With explosive loading, steel fidert reduce
the fragmeat velocity and the fiber retaforced
slabs retatin thetlr m,muy This unioue p r-
ty of spell and shatter restistance, and the abll-
ity to retain the shape and integrity of structurs!)
tlemmnts and to hold thes together cam be vital in
the design of certain types of structurms. Be-
ciuse of thete propecties, rendom stes)l fider re-
inforcement 13 well suited for use tn beems or
otrar structursl elewents subjected to tepact.

e 0 P B—

Charles N, Heneger

e e — A = s —— —

THE USE OF STEEL FIOER AL [WFORCED COMCRELE 1N 1UNTAINNENT
ANO EXPLOSIVE-RESISTANT STRUCTURES

Sattelle, Pacifi. Horthwest Ladoretoriet
Richland, Mashington
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Canterline Stress, O3 »
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A y -

) ] »

Center line Deflection, in. & 10°3

FIQRE 1. Losd-Deflection Curve for 3-1/2 x 4-1/2
2 16 1n.(89 x 114 x 406 mm) Plgin Con-
crete Qeem. Mantmm Stae e Used
wes W8 in. (9 mm) (Mef. !, page ).
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Ceaterline Deflection, ta, « 1073

Load-Dafloction Curve for 2 2 2 2 § in.
{5 x 50 x 160 mm} Fider Mairforces (om-
crete Soem. Meinforcemest way 1.961 by
volume of 017 x 1-1/2 ta, {0.4Y x 3 wm)
Stee! Mire. Paximam Size Agyregste Usad
wat VB in. (9 we) (Mef. 1, p. ).




RESULTS 0F CXPLOSIVE LOADING, IMPUASIVE LOADING
RN 1RPACT TESTING

taplosive Loading

Tests dy witlismon {1) Jemonstrated that
with axploitve 1oading, & ShOCk wive travely
Ivrough & wall a3 4 compretsiond) wave and 43 ve-
flected on the oppostte face as & teastle wave
which then cevies 1palling end disintegration of
concrete, Williamson's testt Mve shown tha?
while conventiomlly meavily reinforced 1labs dis-
integrate completely vndar eaplosive lodding, the
inclusion of steel fibers in the concrete reduces
i fragment valoCity 5y vp to 2) percert, Pore
1portantiy, it caulay the slabt to retatn thetr
integ! 1ty without producing secondery frogments
of sufficient mast and velocity which atght cavse
further domige. Flgure 3 showt the effects nf o
10t (4.5 kg) charge of HE on a conventionadly
reinforced concrete slab while Figure ¢ shown
the effecis on o reinforced concrete slat con-
teining IFRC,

FIGURE 3. The Mecatms of 2 32 = 32 a 4 in. /800 x
800 x 100 om) Cuncrete Slab with Con-

vontional Relnforcing After Explosive
Testing with 10 1ds (4.5 hg) of ¥
(Re?. 1, page 12).

Thig Slab Was Similer to the Ome in Fig-

ure Y Except That iy Contained 1.1/4% by
Voluew of 0.017 x 1-3/2 in, (0.43
33 am) Ctewl Fibers (Pef, ), page 1)),

Full scale tasts by Lawrence Livermore Labora-
tory (4) Mve 3130 demonstrated the ef fectivaness
of staeel fiders (n reducing the dengge from hi
explosives, Figures § and 6 11lustrate the effects
of 4% Ybs (22 kg) of high explosives on S ft x
§fLz Y8 10 (V.5 & 1.5 x 0.45 m) thich slabs with
N, 8 (5 wm dia) Grade 60 reinforcing bart on
6 fnch {150 mm) cantars, ecuch way, each face, The
slab contat~ing fibers used (.00 x 0.022 x 1 ia,
{0.25 x 0.55 x 26 mm) cut sheet fiders at 1.25% by
volume in a 7.5 sack, 3/4 in, (19 ) mexima size
agyragete mia dosi for 4000 pat (20 WPa) at 28
days. The conventiomal concrets was similir, using
T secks, V& tn, {19 am) te, designed ror
4000 pst at 8 :& Actudl 28-duy compreg:ive
strangtihs were pst (30 WPa) for the SHRC and
4513 pst (31 WPa) for the plain comcrate.
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Conventions)! Reinforced Con rete Stad
Underside. After Test Shot (Ref. &,
p 12}

Jroact and lapylatve Loading

{d3tnqton, et o)., (5] uied a penduium-tyre
teoact machine to cvaluate 4 x 4 3 20 1n ) (100
2 00 x 500 sm) specimpns of steel fiber reinforc-
o0 20 tar aRd conciete made with different shapes
e 3tTENgths of stee) fibers. Meximua . ggregate
$.,es were épproximately 3/B and 3/4 in. and
19 xm). The impact resistance Of the steel fiber
re.nforcad concreta; increated 43 the fiber con-
18-t increasad. Of four fiber types tested, a
0. 20 tn. (0.f sm) dicmatar by 2 in. {50 w»; long,
Rih tensile, crieped fiber proved mozt beneficial.
in reates in impact resistance of more than 4X)
pe-cent at & fibur content of levs than 1-}/4 par-
cert by velume we=e amdtured with this fiber.
RiiLhie and Al-Koyyali [6] found that steel fibers
in-redted the impact esistance of lightweight
corcrete by a1 much a3 three times.

{7] nas reported tmproved resistance of
itea] fiber reinforced slads sublected (o repedted
drd hall tasts. Fatlyre {n thase tastls wei de-
fined a5 occurring only when 3 hole wat punched
through the slab rether than by thattering o the
stat into fregments.

‘ !

Toe fepacl tsst recosmmended by the AC] n
report ACL-544 JR.7R, "Measuresment of Propertien of
Fiber Reinforced (oncres™, uses & 10 b (4.5 \g)
compaction hemmer with on 18 in. (480 rw) drop to
impact & 2-1/2 tn. (64 em) thick disc & inches
(15C am) 4n dinmeter. 1= nusoer of blows to firet
cracy and fatlure, or ultimat fmpact reststance,
are recorded. Fatlure Olour) when @ Crack Opens
enough to allow the si1dey of the disc to touch the
surrcunding stoys.  The itimate fmpact restistance
in mwber of blows 13 comeorly 15 to 40 for plain
concrate and reages from annyt 40 1o &3 high as 00
or more for | lo ) % rercent by volume of 4 deform-
ed or cri-wed-end wive fider (8]

Reinforced SFRC Stab, Underside, After
Te;t Shot (Ref. &, nage 15).

FISURE 6

Ballistic impact testy using small arms fii
were (onducted by N-us and Widlismson on SFRC dores
and plate tpecimers [9]. Plate tests showed tha’

J to & fach (7% to 100 am) thick SFRC {}.9% by woi-
‘e of 0.01 x 0.022 2} fe. (D25 1 0.59 x 25 rm’
cut shet filers] resitted penetration from 30 cal-
‘ber {7.62 =m) machine fire and K16 (7,62 wm:
smmuntiion 3¢ SO yards m ) with no »paliting o
the revarie side, whereds tha sew thicknesses o
platn cONCrete were either penetrated, cracred
through or showed spalling o0 the reverse side. A
4-1/2 'mch-thick (115 ma) SFRC dome resisted al)
but S0 caltiber (12.) sm) machine gun ba!l ssmunition
ahd & & Inch-thick {150 sm) dome reyisted penetra-
tlon b 59 caliber samunition fur o limited mumber
of fir ngs. The SO caliber ssmunition penetrated
or shattered plain concretes plates 6 to 7 irches
{150 to 175 mm) thick with « single impact.




Romualdi and Ramdy conducted impulsive load-
ing tests on concreie beams 4 x 6 < 72 in. long on
a cletr span of 63 inches (P00 x 150 mn x 1.B m,
1.6 m spar)(10). Twenty beams were tested, all
with tensile reinforcing bars. Helf used plain
concrete and half used SFRC with 21 by volume of
0.0G6 in, dia. x C.5 in. (0.15 x 13 mm) long brass-
coated, cold diawn steel wire fiders, Three SFRC
beams had no diagonal tension ieinforcing (stir-
rups;. A1l other beams had stirrups. A special
spring-loaded apparatus wae used to impulstvely
Toad the beams at the thirc points with sufficient
force to cause failure. A1l dynamic tests were
performed with an initial total spring load of
14,000 pounds (62,275 newtons).

Typically, the plain beams fatled in compres-
sion and all load was lost at about 0.025 seconds.
The SFRC beams, however, continued to support the
load with diminishing oscillations until they
stopped at some final residual load. The fiber
beams, even though damaged considerably, were able
to maintain their structural integrity. The re-
sidual loads carried by the fiber beems ranged from
4,900 to 11,900 tbs (21,800 to £3,000 newtons).
The residual load carried by the plain reinforced
teams was zero [10].

The three SFRC beams wituout web reinforcing
were tested statically and failed in flexure,
rather than in shear. An average thear stress of
444 psi {3 MPa) was calculated from the formula
1 = P/bd from 2 maximum shear of 8,250 Ybs (36,700
newtons). Also, in three of the SFRC statically
tested baams, the tensile reinfurcing bar broke,
an unusual occurrance in concrete beams. This was
because {ive SFRC concrete in cospression at the
top of the beam, maintained fts integrity instead
of crushing, providing a fulcrum around which the
reinforcing steel cuuld ba continuously strained
to ¢ higner level.

The report concluded that:

1. Impulsive loading of the wagnitude used in
these tests does not cause sudden failure in
the fiber reinforced beams such as the sudden
failure observed in plain beams.

2. The internal resisting moment is significantly
greater in the fiber beam~ and, therefore,
permits the ber "3 abscrdb more energy.. The
beams retain ..eir structural integrity and
carry consiierable ~»sidual load through a
relatively large a~y.lar distortion.

3. Ii the event that the fiber concrete does fail
in compression, the failure is not sudden but
precedad by extensive de”ormation.

4, The increased tensile strength of the concrete

permits the use of fiber concrets without
special shoar r ~ “orcement.

202

CASE HISTORY -~ CONTAI'SSENT - DOUNREAY REACTOR ROOF

In 1972, SFRC was uied 1n constructtion of a
resctor roof at the UKAEA Fast Reactor et Downresy,
Scetland.  Because of space ilimitstions, 1t wes
desired to mintain a minioum desth for the roof
slab. The resulting conventiony! shear reinforce-
ment would have been difficult to locate and fix
accurately and 1ts use wuld have been unduly time
consuming on the conitructicn progrex. The solu-
tion was to use SFRC to replace the coaventionel
shear reinforcesmnt. The SFRC aix used 180 1bs/
yd® (107 kg/m%) of 0.020 x 1.57 in. {0.5 x &0 am)
deformed fibar in @ §.8 sack mix. A total of 208
yd? (159 m3) was used.

DESIGN AIDS FOR CONTAIMMENT OF NUCLEAR STRUCTURES

Two genaral articles on SFRC for reactor and
spent fuel shipping cask mign{’constmtion are
avatlat'e [11,12]. Reamant [11] proposes a gener-
al theory for the elasto-plastic and cracked be-
havior of SFRC with reinforcing bsrs and describes
a genera) finite element program which predicts
crack propagation until fatlure of the structure.
It also accounts for thersl) cycling conditions.
Advantages of the SFRC concrete *re cited as re-
sisting impact from brittle fatilures, increasing
post-cracking load-carrying behavior, high energy
absorption and improved seismic resistince. The
fibers are not used tu replace normal principal
reinforcement tut are used together with classicel
reinforcomant. I~ the process, the sefety factor
for \he structure is improved. In the case of
anchorage zones in prestressed concrete construc-
tion, calculations indicaced that steel fibers in
the amount of 2.8 volu.e percent are as effective
as the rorma! bar reinforcement and provide 2
stiffer anchorage zone.

Laug and Liihrmann [12] devisad and tested a
high density steel fiber reinforced concrete to use
vur radiation shielding in a cask between an inner
liner and outer steel shell. The ctncrete used mag-
netite, henatite, iron granules and steel fibers.
The purpose of the steel fibers was to aid in resist-
ing uamage from the impact of a possihble accident.
The concrete weighed 3.99 kg/dm3 (250 1bs/ftl) and
had a comoressive strength of $075 psi (35 MPa}.

The proportions of the mix and amount of fibers were
not specified. - s -

POTENTIAL APPLICATICNS FOR BLAST RESISTANCE IM
STRUCTURES

Potential applications of SFRC reinforced
?ructuns to protect against blast or explosives
nciude:

e« The use of inflation-formed SFRC domes for air-
craft protection or personnel protection.
Domes of up to 150 ft (45 m) or more in dis-
meter 50 ft (15 m) high and 3 inches {75 wm)
thick are feasible. In the spherice) shel)
portios, only SFRC 1s required. Reinforcing
steel bars are used around openings and to tie
into the foundation.
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last waves generated by detonations of HE tbar) ndanider LU S vomintieomglin el AN
< or fuel-air-mixtyres sre characterized by
their peak pressure and their overpressure I o, Retging Dasrae 3 3 2 207
phase duration, i.e. by two parameters. But o "
| normally unconfined fuel-air-mixtures will . Yo
! deflagrate generltdng ¢ pressure time his- ) » "' = \
. story of & quite different shape. In con- *
. trast there is a relatively slow pressure ¢
' rise up to & peak value followed by & sud- e ¢ somrng Pomi |
den decay intc a suction phase the minimum a o .
value o(y which is of the order of the over-
pressure peak value. The overal)l duratien o

of this pulse is comparatively long. For

such a pulse there are more than two para- 0 1 H 3 timad

meters necessary for & complete description.

Despite the small peak pressure value thase Po—

waves provad rather dangarous 3s numerous Saem W o O sy V829

accidents have shown, Therefore it is de- ap Same Ak Owrproomre iy * 4y 1038 W

sirable to get some insight into the de- (b . i
structive mechanism of these pulses. To be e o 8) - !
able to de that a spectal simutation device " (R

was develeped which will be described

/1\ o

!

[

1. Introduction

1
Blast waves generated by detonations of HE g
{High Explosivesz or fuel-gir-mixtures &s
e.g. FAE (Fuel Air Explosives) are charac- o
terized by their peak cverpressure Ap and -~ N

their overpressure phase duration t*. Their 0 1 2 3 ¢ timsl
pressure decay with time can be described by

a FRIEDLAHDER-functiaon p=ap(i-t/tHest/tt)

for which only these two parameters are ne-

cessary. The same is valid for the pressure

time history of the detonation of a fuel-ain 40
mixture as Fig. 1 demonstrates. One gets ve- {bar)
ry similar pressure pulses -one can say s

nearly {dentical ones at agpropriste dis-
tances- if the mass of the charge of conden-
sed explosive and fuel-sir-mixture are in a
certain relationship. Figure 1.1 shows the
peak overpressure of blast waves generated
by a small high exlosive charge ~that was
in the example 62 g of Composition B- to be
much higher and the overpressure phase du-
ration to be much smaller than that one of o
sn equivalent fuel-air-miature at the saae

relative distarce. In this example the fuel

air-mixture was a stoichiometric ethyleane-

air-mixture gontaining tharefore 62 g of Fig. 1. Pressure Tiae History ap(t) of .
ethylene. IV the distances to the hemi- Detonating Condensed Explosive )

+ spheric charges are chosan in sucha manner aud Fuel-air-mixture
!
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that the pedk Overpressures are the same,
the overpressure phase duration in the zase
of the ethylene-air-mirture {3 twice the
correspording value of the condensed explo-
sive a3 Fig. 1.2 ‘Viustrates. But 4f the
masy of the high explosive 13 st times

the mass of ethylene in the stoichiometric
fuel-air-mixture one gets no stgnificant
differences betwuen the pressure time his-
tories -for high expiosive this i3 restric-
ted to the far field of lower pressures-
generated by Composition B or by the fyel-
sir-mixture as 1t can be seen in Fig. 1.3.
This also can be shown in th: normalized
Ap/R -diagram and in tha Jy/Ry-diagram of
Fig. 2. Since this diagram demonstratas

the ovor?rcssurn distance relations and

the impulse distance relations to be almost
tdentical for Composition & and ethylene-
alr-mixture in & relatively broad range

one can conclude the corresponding pressure
time histories of the blast waves to be al-
most identical tero, as wds shownbdy Fiqg.1.3.
Thus as to the simulation aspect the pres-
sure time histories can be trested in the
manner, that asang in both ceses the same
well-known simulation facilities can be
used, e.g. shock tubes.

i U S S | L
b 1
&p &) Corsirwnd Exgitove Covp 3 X799 ! Iu

|bor | — b} Fust .o - marure B0 g (XTI Pytre - Mg ) ,q
~V|
20 -—120
0 U]
Qs , Qs
i
a2 j Q2
R\
Qat qQt
\\ — gt Xy
as —— \\ s
m \ g ¢ Wy “m
tmi——«;-» s 0 N ® rw
MI
Fig. 2: Comparison of Peak Over-

pressure ip and lapylse J*
of i Blast Wave Generstesd b
Condensad Explosive and Fuel-
atr-mixture

2.0utlining the Protlem

17 thare ¢s not a high ignition energy \ike
that of a detonator, normally an uncon-
fined fuel-air-mixture doesn't detonate, it
deflagrates. The sawe happens in the case
of ignition fatlure of FAE. Experiments as
well as calcuiations have shown that the
pressur: time history of purely deflagre-
ting fuel afr clouds sre quite different
from those of detonsting mixtures. On ac-
count of the quite different combystion
process there one finds also quite ansther
pressure time history. In contrast to the
detonation the energy conversion is slow:
The pressyre distortion spreads only with
sound velocity and the overpressure rises
also slowly to its peak on account of the
expansion of the hot burned ‘uel-air-mix-
ture which compresses the surround’ng pure
air. In the near field, out of the cloud
boundary, the pressure ~ises to a value
which s estimated not to be higher than
about 300 mbars because the flame velocity
is limited. 1f energy conversion is finish-
ed, i.e. if all reacting gas is burned, the
surround\n? congrnssed air flows quickly
into the cloud like animplosion therefore
outside an underpressure is generated which
equatizes again slowly to the normal atmos-
phere pressure,

This deflagration mecnanism resylts i¥ a
more-ptramsetric pressure time history as it
is shown in Fig., 3, diagram 3.1, This curve
was recorded at experiments [1; wit] smi!}
methane air filladhemispheres. On account
of the small volume and therefore also low
flame velocity the peak pressure is also
vary smal’, 3 mbars are msasured; but its
duration is extremely long. From the benin-
ning to the end it takes abdout 400 ms, ?.o.
tv- 200 ms. This is very conspicuous in
comparisen with the detonation: & s)ight
rise and a sudden decay to an underpres-
sure pesk .and a sucticn phase with a rfuyra-
tion of the sape order of that one of .he
overpressure. The corrgspond1n tines are
necrly the same, 1.0, t%st_or [*= 1., ress

Colculations which OPPENHEIM [2) had done
for larger valloons resulted in the sime
feature of the curve as one can see india-
gram 3.2: For & balloom of 50 & in diame-
ter ap~ 100 adars by nearly the same pres--
sure duratiorn in the same relative distance
of r/r » 5. GIESBRECHT et. al.{3] cams on
tue basis of their experimants and caleu)a
tions with bursting vessels te the conclu-
sion that ¢ resal gas cloud explosion in a
factory canmot gererate 2 pedk pressure
which exceeds the value of about 0.3 bur
and & maximum duration of ovarpressure of
about 200 ms. That {s considerad as an up-
per 1imit and it {3 obvious that there are
varistions depending on the cloud size and
ehape 4t well at on the kind of fuel and
1ts concentration distridution. Also 4t {3
evident tha® the deflagrationprassure time

205




S oy s o e

—— -

history iy defined by more than two para-
neters: e.9. rate Of pressure rise, peak
over- and underpressure, serval durations as
aressurg rise time, oressure changing time,
duration of underpressure.

Exparimants by EM /ICT I
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Fig. 3: Pressurs Time History of
s Deflagration

These waves provad sometimes rother danger-
ous too despite of the fact that their peak
pressure values ars such smaller than those
of detonations as numercus accidants egpe-

cially in chemical plants have shoun n
the past and a8 e.g. some Ones mentioned
in [3] . Therefore it ssemed to be desir-
able tc get some insight into the destruc-
tive mechanism and potential of this xind
of pressure pulisas. For this purpose the
pressure time history was very approxi-
rately simplified to a shape thown in
diagram 3.3 of Figure 3. For the further
considerations and in the beginning of the
experiments it seemad allowable to raduce
the number of characteristic parameters

to twa as in the cese of detonativelydriv-
en blast waves. In the mentionad idealized
curve the parameters ara coupled in such

a agnner that &p_= Ap*, in the experizents
sp_= -0.8:ap* or ap_= -1.3 A?‘ros ective
and the pressure rise times {0 <aff, ap +)
are sach 45 X from the total duration T
and the rest of 10 X remains for the pres-
sure-changing-time.

An experimental set-up to investigate the
effects of deflagrative pressure waves gn
hit structures could consist of non-scaled
free-field ga¢ explosions. But there are
some considersble difficulties applying
this method. First of all in order to get
pressure values in the desired range one
would have to handle fuel-air clouds or
balloons of up to 50 m diameter. That needs
a lot of space, time and not at last much
safety requirements. The second difficulty
arises from the fact that deflagration is
a2 stochastic process due to turbulences
and distribution of concentration thus
Teading to bad reproducibility of the
generated pressure waves. This would re-
quire a g+eat number of tests in order to
get reliaule results by means of statstics.

3. Description of the Simulation Device

To avoid these handicaps a simulator had
te be found and developed which should
pernit to approximate the afore-mentioned
idealized deflagrative pulse as accurate
as possible including the possibility of
parameter variations within a broad range.
After- experimenting with a modified shock
tube, slowly burning gun-powder or a
compressed af:» driven piston in a tube

the solution was found to be a two-chamber-
facitity., With the help of Fig, 4 the
construction principle shall be explained:
The siaylator consists of a both-end-
closed tube with constant diameter which
is separated pressure-tightly by a wall
-with an open szquarsd section in the widdie
into two equal-volumtc chambers. At the
edges are the supports for the areal (two-
dimensional) specimen. A mgasuring girdor
contained displacemant transducers fixed
also at tha specimen. Prassure gages ware
also mounted in the wallsof each chamber,
In the end cover of chamber | 13 2 smal)
opening, in that one of chamber 2 a port
of larger dismeter, both closed by a wee-




brane. Both tube sectiont can be filled
simultansoutly with compressed air,

st [-—-F, 2 F,— —=fo——F, 5 f —
!
\

|
!
|
!
|
!
~w$

Fig. 4. Construction Principle of

a Deflagration Simulator

At the beginning of the experiment both
chamders ars filled up to a pressure which
is twice She wanted peak-prassure, i.e.
shauld the peak over- or underpressur:
rise up to 100 mbars the filling pressure
surt be 200 mbars. No bending or deflec-
tion forces, which would break the spaci-
men are acting on it, because they are
balanced: F1 e F,. At the time t » 0 the
mesbrane of chun‘.r t cansisting of plastic
or stee) shoets is destroyed dy a swmall HE-
gharge. Afr leaves through the port and
likewise pressure dacreases. That means

on the other hand the difference pressure
betwean both chawbers rises and o corre-
sponding force Fy; - R 1s working in the
dirsction to chamber | deflecting the
spaciman. If the prassure in chamber |
srrives at half of its maxisum value, t.e.
the peak overpressure of the édeflagration
pulse (1m the examplie 100 mbars), mea-
brana 2 will be epsied. On account of the
large opening this Chamber enplias very
quickly, therefors the acting force de-

creases. The pressure decay overtakes that
one of the other chamber: In the overtaking
moment the point tx achieved whare the prey
sures are equal to each othar; in the dif-
ference pretsure time history it meant the
patsing of the t-axis and end of simulating
the overpressurs part, Off from this meo-
ment the force acting direction reverses
until chamder 2 s expausted. Then the un-
derpressure peak 18 simulated, but incham-
ber | pressure decay 13 going on, i.e. the
force F,-F, in dirsction to chember 2 be-
comes :‘nl‘cr unti) ft is O, when chambar !
13 exhausted.

Thus 1t 1s possidble to simulate the affacts
of a deflagration wave on an araal struc-
ture by reversing the forces. Considering
the load it i3 the same as 1if forces are
scting first from one side then from the
other side or at the same side changes
over- to undevpressure respectively. By

a skilful choice of the port diameters in
the cover plates which can be ca'culated
by the formula of De Saint-vena: “/¥Wantze)
(w! w2 g x/(x-1) Py [1=(P)P ) Jaxp(x=1
and by a convenient adaption ¢f the cham-
ber volumes at wel) as by coordimating of
the tise for opening the mesbranas uhe
mentioned :lrunctor: could easily dbe inm-
fluenced. 8y this method there is given

s very good reproducibility.

In the upper part of Fig. 5 {5 shown the
simplified pressure time history and that
cne achieved by the simulation device. The
agreement {s very good. In the lower part
of this figure the deflecttion of a glass
parv loaded with tni. pressure is plotted.

There are three curves: the straight one
gives the experimentally found deflection,
the dotted one is the result of a linear
calcylation and the cross-line i3 that one
of a non-linear calculation using the egua-
tion

Fedy y o+ dz-i + 4y
with F = K o' P{t); K = load factor

4 = side length
of the pane

dy =Ky » P{t)=acting force

‘z » danpinro constant Kysmass factor

dy = K Riy) R(y)srestoring
force

Significant differences batween axperimont
and calcylation are only found in the
stmulated suction phase, because the pres-
sure time history in this part was not
sufficiently to approximate with a toler-
tble effort. The best agreement wai found
in the pressure changing phate, {what also
was best to ca'culate).
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apimber)

Fig. §: Loading and Deflection Time
History at a Glass Pane [4)

in the beginning of the experimental phese
s smyll simylation set-yp was installed
with tubes of 1 m in diamater. As its work
ing was successful and on account of scal-
1n2 effeacts a bigger one with tubes of

2.4 n in dismetar was built, This ome 1s
shown in Fig. 6. The uppar picture gives

a view to the chamber with the big dis-
charge ogoning. On account of the avail-

able gam

rane sizes and for better hamdling

the orifice contains three openings. The
lower picture shows the entrance door
throuxh which ihe specimens were brought

in an
ports,

which contains twe small discharge

A great advantage of this simulation
facility is that the same specimen under
the same supporting conditions can be
1oaded atatically as well at dymamically In
the first case 1t is only Recessary to fil}
the chamber 2 very slowly with coapressad

atr. Thus it i3 very aas
dynestic and stetic behev
sen witheyt .changing its

fo

to compare the
ur of & speci-
osition on the

supports. In this way it is alsc possible
to ascartain the resteriag force whica is
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importent for the calculations.

Oncherge Nala

Fig. 6: Views of the Deflagration
S{mylator { 4]

l{ & small variation of the davice it is
also possidble to simulate the blast waves
of a detonation within a certain, & littis
bit restricted extsat. Chambdar 1| must be
wmininized to the smailest volums that is
possibla. In an extreme case this may be
not more than the volume betwean the spe-
cimen and the membrane vaultad by the
compressed sir, Fig, 7. -

Then nne finds 3 vary sudden rise of the
ac.ing force in chamber 2. The rize tige
will take & time of about I to § ms. That
is surely were than the infinitely steep
rise of 3 Dlast wave, Byt it i3z accept-
able for a specimen with a vary lomg dura-
tion of its maturs! motion, since them
there is onlz'u negligitle taflusnce an
the dynaaic dehaviour, This 1o mostly
found by specimens with 2 heavy mass like
wallis of concrete. Ia Fig. 8 13 plotted
the calculated ¢icpiacement of reinforced
cencrate plates versus time,

The dotted Vine shows that case whan the
pressure rise tokes t, » 2.5 ug, the
stratght Yine when th‘ rise is fnfinitely

L THRTRAN, 17 e e e




steep. In the upper couple of curves the
reinforcement consists of steel dars {n
the Towar of glassfiber bars, It com be
sean that the duration of naturs! motion
13 more than one order Yonger tRen the
time for the pressure rise.
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Fig. 7: Comstruction Principle of &
Detomation Simulator
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Fig. § shows two pressure time hittorie::

In the upper one s shown the siawlation
of a pressure weve with a very long dura-
tion as 1t may be cavsed dy s nuclear ex-
plosion. This is achievod when the membdrane
port of chamber 2 remai 's ¢loxed or {F {t
13 very small one gets o s)ight decay since
the compressed air can escape only slowly.
The curve below shows & simslated blast
wavet 83 it might be qenerated dy » conven
tional weapon. Then a large openiang will
be necessary in the coverplate. It (s
obviows therefore that the pressure decay
can easily be mamipulated Dy the width of v
the ooening,
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Fig. 9: Pressure Time Historias at
Experimencs with a Detonation
Simylator
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STMULATION OF PRESSURE WAVES ARD THE'R EFFECTS OX LOADED OBJECTS
Part 11: Experiments end Calcuiations; Destructicn Curves

Karsten Bahrens
Glnter Moffmann
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wode) panes and @ode) brick walls to de-
flagrative pressure pulses were carried out
in the deflagration simulervor described in
part 1 of this paper.

Caleylations bdased on a one-degree-of-
fresdom oscillator mode)l were compared with
tha test rasylts. They l1ad to a set of
curvas in the scaled pressure impulse plane
from which izodamage or destryction curves
were derived for the specific objects under
investiqation, These curves differ from the
well known P-1-curves for objects under
blast load conditions in that the curves
for deflagrative 10ading spiit up inte two
branches In the region of small fmpuises.
This {s dus to the s1?n11ic|at undarpres-
sure phase of the daflagrative pulse which
cautes resonance sffects in the response

of the loaded objgﬁﬁwt\

{. Experiments
Test objects were

- panes of the size 50 x 50 x 0.) =m?
and 100 x 100 x 0.6 cm? with thras
different sypport conditions at the
edge: (simply supported, clamped dy
a metal frame, and fixed by perma-
nantly plastic putty)

- masonry walls (131 x 131 x 6 ca?)
made of 1:2 scaled mode) bricks - _
(Fig, 1.1} ¢fixed at the edges by
steel u-shaped frames and clamping
devices (Fig. 1.2). Thess walls should
model § simple stryctural component
of an industrial building frame shown
in Fig, 2.

The load consisted of approximated static
Toading, 1.e. very slow pressure riges
(s!o?e of pressure rise of about 10 bar/s)
until rupture occurred and deflagrative
loads.The peak overpressurs varied from

10 sbar to 200 abar {n tha case of loading
the pan2s and it way always above 230 mbar
for the wmasonry walls, Total pressure pulse
tines ware in the range froe 10 ms up to
750 s thus including the natural periods

1800 Fraiburg, Fed.Rep. Germany

{10 ms to 28 m3) of the objects under in-
vestigation at the Yower limit and a?pro:1~
init

Rating static loadings &t the upper
~f the time tnterval,

Peree 2
et Wkt fecind @
LIR__N'D

Prhoe VY

Sante movu-v-n
1.3 vang » ¥ baperowmaty

Fig, 1: Secciucn of the Rode! Masoary
Slad snd Comparises (7 ¥ricis

Fig. 2: Examples for Masomry in Steel
Skeletons at a Horkthep-Nal)

The essential quantitics measured during

an experiment were ihe differeace pressurel
at the test objects and the defloctions fe
the uwiddle of the squere plates as fumnction
of tima (see ri‘. S of Part t). la the

case of static Toads the cembimations of
wessured pressure times historias with de-
flection time histo~les r~esult in experi-
sental restoring fuactir=r zomes axsmples

of which are showa in r.g. 3.

The curves in diagram 3.1 and dlagram 3.2
respactively are the functions for smell

panes with fixed cdgos snd masonry walls,
Al of them are nonlinear. The 1ncieasing

}
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ria. 3: Static Load Deflection

Curves of Alass Panus and
Misonry Slabs

slope in the case of tha panes !5 due 5
BeRbrane stresyes at iar-er Jeflestigns.
The scatter in ¢tk - .cpey of the curves s
an effect cf not co~pleiely reaproducinle
clamping of the panes - it fs sigmificantly
raduced when tna adges are only simply
supported. dut of co.Tse there is stili a
considaradle tcaticr Of abnut 25 % {n the
regsiziance to rupture of (h2 pares. Dia-
gras 3.2 shows the mgzonry walls to be
almost Yingar ¢ -artic at small lefi~ctions
ahd plagtic at Yarge= 4afipctions. Scatter
s essentially dnc *> scatte. in the mate-
rial proparties. The restori-g functiqns
ware nesded for the calculaciun of the be-
low-mentioned destruction curves.

'n ths case of short deflagrative loeding
dyramic effezts could be observed. To gtive
an example it should be mdntioned that ¢n
certain caset of deflagrative leading of
the small penes rupture occurred in the
Uhderprezsur. phase at prossures of appron
imataty -S4 mdar and deflections of -8 me.
Pask cverpressures and the corresponding
masiaym deflections ware +8) mbir ané +7 mm
respectivaly, Prassure pulse durstions
were 100 as and 77 ms. The time it took
CO0 Change trom peak overpressure to pask
undernressure was 10 I of the nulse dura-
tion gnd therafore it wat in the ramge of
th: natura! period of the panes (10 ms),

This waans that obviovily PRECRONCEY hAd
occurred,

Fig. 4: Recorded Pressure and Daflection
Time Mictories of Masonry Sixbs
(Dynamic Load)

Anpther exanple for dymemic effects s
11lustrated in Fig. &, Otagram 4. ! re-
groxcntx the pressure time Mstory of the
oad while diagrac 4,2 thows the corretpon
ding dxflecticn time history of a maconry
wall, Yhere ts a definite delay bdetwesh
pressure maxizud ainimys) and deflection
maxiays (atnimus) which i cauted by the
inertiz of the we'). The mintmumdeflection
{3 about & timos larger than the mextaue
defleition wnirle the relatice of pretture
sinfanm to presswre maximum s about 1.3:1%.

The wa'l was aot dest-oyed though some
cracks hadé formad. Thase cracks having a
width of some teanth's of atllimeter: snd
therefore being .oloured by dlack ink for
visuslization purposes are shown in Fig. &
At the front side there are the typtcal
diagona) cracks and at the rear the cracks
are parellel to the wdges. in this context
the front side of the well {3 that side on
which the overpressures acts at the begin-
ning of the sressure puise, which means
*he wal) in Fig. § detng beat eway from tha
chamber 2 during the overpressure phase
and being bant tcwards the chamber 2 during
the vnderpresaure phase, Keeping this in
aind one can conclude from Fig. 5 that the
cracks aust have formed as & resylt of the
underpressure phase which is plausidle
constidering the deflections of Fig. &.

Finally Fig. 6 gives an {1lustratiom of a
destroyed pane and s dastroyed masomry
wall. For these objects destruction was
defianed a3 complete fragmention, which

——— L
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Fig. 5: Formation of Cracks by
Dynamic Pressure-Loading

aay Do ta)f-avident in the case of the
br*ttlo panes but which may be diffarently
defined for othar objects depending on
their purpcse, e.g. cracks may be toler-
able congidering the stability of & shelter
tut they are not accaptable if gas tight-
negs 15 of finterest,

Purge 6 s Ryw Paney 82 Came o ¢ My S

Fig. 6: Destroyagd Specimens

2. Calculations

1t 15 well kmown from structural dymnamics
that & ong-degres-of-freedom system can
de used to deteribe the gross dehaviour
of gimple sructural elements tuch ag
plates with sufficient accuracy. Consider
tha equation of motionm

=3+ R{x} » F(t)

where X 13 the displacement of the mass =,
B {s the acceloration, R{x' is a rastoring
force and F(t) {s the time-dependent ax-

tarpal force dcting on the mass m. In this

equation demping 43 olttted.

‘a.- An  Ressoring Rachion Foree -Terg - Funchon
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Fig. 8: Daflection Maxima {u the
1. Period of Oscillation

The reasans for neglecting dasping arq dis-
cussed extensivaly by Sskar et.al (7],
Equating the work doae Ly the sxteraa)
forces, the kinetic and the potentia) en-
argy o; the model and the real systes
respectively yields trensformation factors
for the ssss a*, restoring force R* aad
external force F* of the physical syiteas
such that the following relations hold {8l

" - K, 2, R KL R, F o lL Fe

Hith respect to the pruviously shewa re-
sistance functions of the sasorry walls




the rettoring force R* 1y approx’ ~ated by
the arctan-fyungtion:

R . g%; arctan 2§i/l
erd the saterne! force F* (1t sssumed to dDe

the timplifigd deflagrative putse (ses
Fig. 7).

Applying the follgwing transformationt

:
'J ~J

ting
0. ;—‘ force
0
= n
R Vi displa ement
14

one finelly qrty the Aonlinesr dimension-
Yass sacond order differential equation

3. 5 Larctan 13 03) - ()

This equatfon 3 ta the limit for Q-0 &
Tinear aquation tince

lia é % arctan (; Qx) » x

Q-0

Nence for small § 1t should approximate the
response of the abdove-msentioned paney the
resistance fyactioms of which did not de-
viats too much from Yinasr functionms.

Solving the equation by numerical mathods
(ath ordar RUNGE-XUTTA-mathod, inttial
conditions _, . Oz for & certain normal-
tzed pulse © % ¢{}) the duratton of
which (5 T «n oszi)Yating displacemant %
as a function of the time £ is obtained.

Galy the first period of this oszillation
i3 of interaest since actually dampiag will
attonuate the deflections of physict?
ttructyret im lgter cyclet. ' <Co one can
consider the meximum displa.  .nt and
the miniwum displacemant i, doth™ Feat.
on from tha first pariod "' " of oszilla-
tion &3 the quantities which are essential
for the retponse and the eventual faiiure
of & structure.

Perforaing the cyplculations for ¢ifferent
pulse durations T ome obtains 1 . and
R ., 08 functions of T with QeF /R,
23 & parameter (&) . Ft'. 8 shows
0 pYot of the functien R (7). The normat-
tree deflectiun function for Q0.2 {3
slmest fdeatical with the curve for @
Vinesr restoring force. A comparison of
the calculated deflections for small @
with the oxperiments! points fer the panes
shows a relatively good agreement. Addi-

tionaliy to tae displacesent curvenr the
broken Yines represent curved with ¢1f¢-
ferent constant multipies of the normsl.
120d slastic dtsplocemant 2 P 48 peree

seter (dafinition of 1 ree Fig, 7.
Since G «» Fy /R and Ro . .'[\ one
gets l:‘-‘/ ).

In the

experimgnty with -oscnr{ wally the
tlads were Tragmented ot deflections ep-
pronimetiv ey larqe 81 the wall thickress
18) . Thas corresponds to 20 to )0 times the
elastic displacement xp, 0f the walls,

Fig. B t1)lustrates the  correspending ex-
perimertal points to de in vicinityof the
darhed curve with parameter 10 .ti‘

as functions
duration with

Fig. 9 showt the curves i
of the noresalized pulse
0 ss parameter.

ain

ol —e

Fig. §: Deflection Mintma in the
1. Pertod of Oscillation

) According to those curves significant

resonances should occur. The normalized
test values for the destroyed masonrywalls
are in the ramnge of 1§ to I3 times the
elastic digplacement, that 1g, in the ap-
proximate range of wall thichkness. Follow-
{ag tha procedures described in [ 9] one
can yse the norsalized diagrems of F}?. [ ]
or 9 to calculate dissasionles: (P-1)-
diagrems., Simce the total tmpulse of the
arsumad simplified deflagrative pulse is
aquel to zero one can cgnsi‘cr the fepulse
of the posttive phase I° which together
with the pealk force cosplately character-
fzes tho deflagrative pulse.

Ustng the followiny ~elaticns

T ——— s ra—— g
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tig. tu: P-1-Diagram for the Load of the
One-Degree-o -Frepdom Oscillator

one obtains the curves of Filg. 10 which s
stmply a somewhat different presentotion
of the cuives of Fig. 6.

Finally one can replot the fregeeatation
curva introducing the physical parameters
of the walls to obtain the dimensional
P-1-representation of the curve shown in
Fig. 11, It aust be noted that the pres-
sured and ispulses of this diagram 8-¢ the
quantities scting on the wal) whica @eans
thet they are acrselly reflected pressures
and iepulses. Assvaing reflection factors
of 2 for both Qquantities as {n the acoustic
Tiedt ¢f blast waves ome could easily get
the corrospondtn! p-1-digyram for the inct
dont waves. The dashed part of the curves
iadicates that this range of the solution
ts of no physical mganing since under-

. manr o ——

pressure phase snd overpreisvre phase
should be of the same magnitude according
Lo the assuaptions. It mey sven be doubted
that thera eattt reflected deflagreattive
pressure pultser having a pest ?rotsuro
value close to one bar and st} deing
tyosetric. The deflagrative cloud expart-
sants known to the avthors which are
essenttally sme)) scale axperimants give
no indications of peak prassure vilves
t¢bove 300 mbar, (GlgSllt HT ot, od,) 13}

Refioctsd Owarpressixe

!
o‘o..,.u.;m.%T_A_Lumi? s ‘“‘“& s ,-..um:’

Retiscted Impasiee 1' {mbor o) —=

o
e -
{ e } . ®

Fig. t1: Osstructicn Curve for 3
Mesonry Wall

Fig. 11 clearly {tlustrates the effacts of
the uaderpressurs phase on the losded ob-

jacs. There i3 a region of resonances de-
tween the two _renches of the Jestructiem

curve fn which deflagrative pulaes should
destroy the walls (objects) by their under
Yros:uru phase but not by the ovarpressure
oading. For reasons of comparison a third
curve based on the caleulations of RAYR-
HOFER and THOR (10) for dlast loaded clas-
tic-plastic ohfocts 1s plottad in Fig. 11,
In the static loading range the effects

of & blast wave 2ad & doflagrative weve of
the sswa reflacted peask overpressure and
the same refiected postitive impulse arve
equel. In tha range where resonaance to
daflagrative loading occurs the deflegra-
tive wave say destroy the objects while
the blast wave does not.
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Destruction Curve for Masonry
Malls and P-l-Relatton for De-
flagrating Clouds |
Sepeed 20 m/e)

Lo 5o e

{21, Flame

Outares (0! — -

Pestruction Lurves (Solid Lines:
Overpressure Distance Relations
according to Opgonhoﬂ- t2) Flame

Velocity 20 m/s
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Finally one con comdine the dattryction
turve of the P--diagrem v ith the over-
presiuvre-distance relations for eapioding
cloudr. Since there are only a4 few experi-
ments on & 1mal) 3cale barta with deflagre-
ting clouds and stince therefore the prev-
sure and ienylse distence rolations are not
really hr +n for deflagrating clouds as o
first spproech to the prodblea the corre-
tponding relaticons calcylated by OPPERME N
et.ol, ore taken, Atsuming o leminar flame
spead of 20 m/s and reflection factors of
2 the stratoht tines tn Flg. 12 repressnt
the OPPEKHEIN pressure-tapulte-ralatiung
for contiant cloud radii and constant
distance respectively. Reflec ad prativres
and impulies above and to the right of the
destruction curve will ruplure the well
and {t can eostly De seen at which cloud
redivs and at which distance frod the cloud
the fragrentation could occur,

Ancthar representation for destruction
curves wis devealoped by SCHARDIN (it far
nuserous blast loeded objects. Again based
on OPPENMEIN'S (2] calculations for de-
flagrating clouds and assuming the flame
speed to be ¢C a/3 ay sbove orme gty in
tnit kind of representation the destruction
curvas of Fig. 1), Pressures and impuises
in this diagram are the ‘n_ident quantitiey
and the destruction curvetl Yo penes and
walls are derived f-om the ccrresponding
P;l;d\oq'o-x assuming reflection factors

° .
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RESPONSE OF STRUCTURKS TO DETONATIONS IN SAND

Bengt E retblad

Royal Swedish Portificationa Administration, Eskiltuna,

/

ABC

“Yests made at RSFA hav’ .nown how the pressure on
the wall of a struc*urc from deconations of ex-
plosives in sand depends not only on the explosive
snd its distance to the wall but also on the pro-
periies of the wall (e g mass and stiffness). The
paper gives data froe these teats and a suggested
procedure for design of walls in buried structures
exposed to Aetonations affects. The proc~dure is
based on an energv-abaorption concept.

P

BACKSKOUND

Many Jdata on shock waves in sand generated by
explosives can be found in litecature. Most of
these however are freefield data of limited value
to the engineer to design structures in send to
withstand the effects of detonatiaons.

Some sources e g /1/ and /2/ give peskpressure and
impulse density on an infinitely rigid wall. A
pressure increase factor of 2.0 and an iapulse
increase factor of 2.6 are suggested relative to
the corregponding freefield velues.

Ordinary gtructures are more or lesa compliant
vhen expoved to loads. This is trua also for
hardened structures. In order to get a detter
understanding of the effects on different struc-
tures from explosivas in sand a vresesvrch progrem
wae started at the RSFA a couple of vears ago.

Responsible for this program is Staffan A Rultgren.

Results have been published in /3/ amd /4/.
PROFLEM AND TEST DEVICE

The problem can be identified from figure 1. A
rigidly supported wall ia exposed to a detonating
cherge, Q , at & distance, r, snd with a depth of
burial, ¢

Sﬂﬁd

Figure 1. Concern.

Sweden

The behaviour of walls with different aiges and
different designs for different values of these
parameters are studied.

G basic parameters ir” iemcing "he structural
hehaviour of a wall exposed to a dynamic load are
1re mase and atiffness.

To facilitate a study of these parameters a test
device according to figure 2 wae designed whare the
wass and stiffness of the front could be varisd
independently. The front conaiated of a 0.3% m dia-
meter circular disc supported by a horisontal
movable sxis on ball baariny - end by a helical
spring all within a 295 kg 18 « long steel cylin-
der.

The mans of the disc was varied from 5.2 to 105 kg
and springs were used with springconstants ranging
from 0.1 to 1.2 MW/m,

The presaure againsg the disc and its acceleration,
velocity and displacement were measured.

The prassure measured on the disc ia then comparaed
with the inertial pressure and the prersura
corresponding to the spring force.

The insrtial pressure can be caltulated Irom the
measured accelaration using Newton: 2nd lawv of
motion. The spring force is equal to mezaured de-
flection muitiplied by the apring comstant.

A comparison between these three pressure components
is given for different macses in figure 3. Mass avd
stiffness both contribute to the pressure. While
the inertia forces develon momentarily the forces
from the spring davelop as the deflection imcreassen.

Conclusively more mass constitutes i ehorter rise-
time for the premsure.

1t should be pointed out, that rhe duration of the
prassure indicates that not only the mass of the
diec but also parts of the mass of sand beiwesn

cthe charge and the wall contribute to the structural
behaviour.

From figure )} is clear, that the prassure is de-
pendant on the proparties of the wall and alyo that
the duration of the pressuce exceeds by far the
fundamental period of “he wall. Neithec the pressura
nor the {mpulge {s therefor well suited for design




purposes. For this reason an energy-concept has
been adopted.

-thr m-mﬁ-m whmmim'm

DMM
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Figure 2. Test device

o

200 -

Figure 3. Wall pressure components. Wall stiffneas =0.5 Mi/m.
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WALL TESTS

The initial teat series vith the device in figure 2

Table 1 gives data for the concret
vas followed by teats where walls aupported along ¢ conerace wills tesied.

1t also gives the specific energy, Be, calculated

the four edges were examined. Concrete -:‘ls in using the averaging fector{ . Ra i
scale m1:3 and tn full scale with different function of thosop:ctflc distance :n.x:::r:.;.i The
thicknesses and diffevant amounts of reinforcement equation for the etraight line is:
vere tested. Abaorbed energy by the wall-slad when
deforming was calculated according to yield-line ~ 3
theory. A straight linefit to calculated values 1/3 1/3 2, 173
givas the specific energy per unit area of tha Be/l ‘ Q) - 1340 (/7T M/ (a% ke )
slab to

1/3 V2 N 1, .1/3
E2/Q = 1040 (r/Q ") Pa/(n kg ) Twe of the Leats were made in compacted sand while

the other wers made in loose sand. This difference
in compaction did not give any significant diffe-
The idealized deformation of the alab is shown in rences in the test vesults.
figure 4. The formula for K2 shovs, that the
distance, r, iz highly significant for the energy.
This weans also that the energy density is un-
evenly svread over the ilab. The parts of the slab
near the supports are more tamote from the charge
than the midpoint. Concluaively they will be ex-
posed to a loer denstty. The spacific energy can
be averaged over the slab by integrations in an
iterative procadure giving & facter s .

A + . { —

B — e e o — o g

Figure 4. Slab with vield linex. Elevation and sections.

Reinf

r Q r/Q_”3 1 h ratio x Compac- !‘I(“ 'QUB)
n kg " n 1 wa tion Ao/l - tgl/”
1.26 1 1.26 0.73 0.04 0.9 12 - 0.1
1.00 1 1.00 " " 3 - 1.18
0.79 0.5 1.00 " " " n - 1.65%
0.59 0.2 1.00 " " vo24 - 1.87
1.26 2 1.00 " " *o58 - 1.28
1.00 1 1.00 " " L ¥ - 1.28
2,15 10 1.00 1.8 0.1} 0.5 536 - 1.76

" " 1.00 " " . Yes 1.76

" " 1.00 " " 1.0 29 - 1.76
1.70 * 0.79 " " "8 - 4.92
2.1 " 1.2¢ " " 0.5 16 . -~ 0.45
1.70 " 0.79 " 028 0.54 3 ~ 5.27

L1} [1] 1] n " " ‘2 : Y‘- 6 . 50
1.3 " 0.63 " " 1.0 4% - 18.6
2.15 " 1.00 " 0,13 0.30 128 - 2.20

28 Table 1. Data for the tastad conrete walls.
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Figure 5. Specific energy va specific distance for walls tersted.

The equation for Ea can be nsed for design purpusea.
With the enargy transmitted to the wall frog.the
detonation calculated with thic equation the design
enginaer then has to find dimensicne of the wall
and reinforcement in {t so that this energy cen be

absorbed vithout deformations exceseding permitted
values.

The equation ac far is based on data vithin the
interval 0.63 to .26 for the specific distance,

r/Q”J. and vith the chsiga on the axis of sywmetry
of the wall,

In order to check the formula outeide these limita-
tions some wore tests hsve been parforsed. In these
tests the shape of the deformed vall 1o snclysed
uaing photogrammetric muthads. Pigure & shows as
an exsnple a plot of the deforeed shape of a slad
after teat. The messured deflections can ba uged
for a more sophisticated calculstion of the energy-
absorption in the wall thaa wirh the modal in
figure 6.

Preliminary results from thase tests support the
using of the equation for Es for deaign purposes.

R

CONCLUSTONS

The tests performed on concrete valls sxpossd to
affects from detonating charges in sand support
the use of the energy-absorption concsp~, ocutlined
in the report, for deaign purposes.
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EFFECTS (F BARE AND CASED EXPLOSIVES CHARGES
ON REINFORCED CONCRETE WALLS

Hans jUrg Hader

Ernst‘ Basler § Partners

Consuliting Engineers

ABSTRACT

i "J‘rh\‘s paper represerts 3 summary of an extensive in-

vestigation concerning the local effects of bare
and cased explosives charges on reinforced con-
crete walls, The invastigation includes a litera-
ture search as well as several tes! series. As @
main result, charts for the pradiction and cowpari-
son of the effects of bare and cased explosives
charges are developed.

The most important conclusion is that cased char-
ges result in perforation of reinforosd concrets
walle at distances wp to ten times larger than bare
charges of the same weight. Vice versa, given the
charg: weight and the dittance, the wtll thickmess
required to avoid parforation is up to three times
larger for cased charges than it {s for uncased
charges. Hence, it becomes evident that simulating
Tocal effects of weapons with bare charges - as of-
ten done for practicel reasons - may lead to consi-
derable underestimation of the actual effects.

\
1. INTRODUCTION

In this paper the damage to reinforced concrets
slabs from bare explosives charges and weapons de-
torating at or near such slabs is discussed.

Is this topic still of such tmterest as to give
rise to 4 detailed investigation? The need for re-
Tisble data on the effects of explosives charges
and weapons detonating close to wails is not neu,
However, it bacomes of {smediate interest in con-
nection with some actual defense and safaty pro-
blems.

As an example, & small fres-standing ammunition ma-
ga2ing 15 shown in Figure 1. The asmunition stored
therain night explode or otherwise be damaged by 2
hostile attack. In the course of analyzing surviva-
bility chances, the probable circular error (CEP)
of the relevant wedpons has to be compared with the
size of the target ares. But the virtual target
ares strongly depends on the distance to the build-
ing at which a detonating grenade or bomb can de-
stroy the wall and possibly initiate a detonation
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of the stored ammunition.

As another example, a safety problem within an am-
mnition factory can be mentioned. This was, in
fact, the actual problem which stimulated our in-
vestigation (Figure 2). The question wes whether or
not a dividing wall, designed to withstand an un-
cased charge of 10 kg of TNT, could protect s work-
shop piace from a detonating KE grenade of calibre
155 mm containing 6.8 kg of explosives.

Some data referring to these problems can be found
in various handbooks and in the literature. Infor-
mation, however, as to which cases are really re-
ferred to, is generally rather poor. In particular,
it is not possible to make a distinct comparison
between the effects of bare and cased charges. On
the other Mand, it was clear to us from a few ear-
Tier tests that casing does affect the resulting
damage significently.

With the purpose of improving our knowledge con-
cerning this problem, an investigation was perfors-
ed, incliuding the following three steps:

- Bxisting data were gathered from earlier tests
and froe 1iterature. A numbar of 87 tests was
evaluated with respect to information regarding
this problem.

- Three complementary test series including & to-
tal of 46 tests were conducted in order to aliow
for a systematic variation of rarameters.

- Design charts, both for bare charges and cased
charges, have been developed and compared to
eich other. Moreover, an extansive collection of
photographs- Ms been published. This might give
a batter insight into the actudl pheacmena than
any theoretical mode).

As the most tmportant comclusion 1t has been recog-
nized that cased charges can rroduce perfcration
of reinforced conrete walls, if detomating at dis-
tances of up to ten times laiger from the wll than
wncased charges of the same weight. In the case of
the ubove-mentioned smmuniticn magazine, the dis-
tance froz which a projectile or bowb detomating
above ground car destroy an outer wall, determines
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the size of the virtua) target area. Thus, it i3
assential to realize the dig difference in the das-
tructive range of bare and cased charges.

In tha case of the cividing walls in an awsunition
factory, the woll designed to withstard 10 kg of
uncased TNT proved to be inadequate for the 155 am
HE grensde. The greuade representing a casud charge
of only 6.8 kg of ¢xplosives required s wall thick-
mnss of more than twice ar much.

2. OEFINITION OF DAMAGE CATESORIES

Dsmeges on a reinforced concrate wall from near-by
explosions may vary from minor cracks up to com-
plete parforation, Figure 3 shows an overviem of
characteristic damages. For the assessment of the
protection provided by a wall, dam g effects at
its back are most relevant. Thres damoge categories
have been defined for the evaluation of the tests
and other data:

Oamage Category O: No relevant damage at the back

Damage Category A: Moderete up to heavy spalling
at the back

Damage Category B: Complete, open perforation

These categories are rather wide and do not repre-
sent a sophisticated Systom, but this grouping fa-
cilitrtes the placing o7 the ohserved individual
damages in the groups chemselves. These damage
catagories allow to dvaw conclusions with respect
to the lcthelity of persons exposed behind a wall,
or for a detonation's propagation to stored ammy-
nition. Siace such consliderations usually have to
be based on pragmatic approaches, a more datailed
classification of the dumige categories would not
be useful.

3. COMPILATION OF THE EVALUATED TESTS

Rmber o Deplesives * 1 fistames | Thickeass
typs of tast Quantity v o Ml t
Sary Curgee

Own taats: 3N W3- Wy | 8-V 81048
L{

tratw: 9 | 08 Bkg | vtz |ee-lia
Cas0d Gurges

G teets: 8 .3 -EMtkg | 80w ) -tta
Momwe: 2] 02 - By |o-ae |00 120
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Using 811 133 tests as data base, the variation of .
the following paramdtars has been investigated:¢ .

- Size of explesives charge; for explosives othér
than THT, the TNT-equivalent for corresponding
paak ovarpressurc has been used.

charges -
- Shape of charge

- Distance from center of charge to slab surface” ~

- Thicknass of concrate slab .L'_‘
- Reinforceaent u (waight per volume) ’
- Concrete comprassion strength

- Damage cateqory 0, Aor B

In a couple of tasts, additiona) paramdters have

been investigated such as initial wvelocity of wall-

debris, their travel distence and mass. Fyrther-

more, dats from 12 earlier tests with bowbs and

nmdes Tocated at the wall surface below ground
1.e. tamped charges) heve been includad,

5. RESULTS OF THE INVESTIGATION

The previously mentioied tests have been avaluated
systematically and design charts have been deve-
loped showing wall thickness versus scaled distance
for the different damage categories. It was found
that limited variation of concrete strength, refn-
forceaent and charqe to tota! weight ratio for ca-
sad charges did not strongly affect the results.
But the observed damage wus considerably wore se-
vare when the reinforcement of the contrete was
Tess ther a thrashold value of about 50 kg/m3. On
the other hand, the extent of damage attenuated for
cased charges if the weicht of the casing was less
than 40 ¥ of the total weight.

In Table 4 the parauster Vimits for the succeeding
design charts ave given, Selacting data from tasts
which meet these limits allows to obtain cleer re-
sults. .

Figure 5 shows the design chart for bare explotivas
charges. In this chart the two axes are the scaled
wall thickness and the scaled distance of the
charge from the well respectively. The Jowar line
represents tha threthold betwaan perforatien and
spalling. Thm upper line correspondingly represents
the Timit batween the spalling category and the ons
for ainor damaga. The two thnshold linas sre pa-
rellel in this log/log-plot, i.e. they are separat-
od by a constant fartor. Regarding the wall thick-
ness, the factor batuween the begimning of parfora-
tion and spalling at the back is alvays two for
bare charies.

N, -

- Charge weight to tota! weight ratio for cased o
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i Figure 6 shows the corretponding plot for cased

! charges, 1.0, grensdes and bombs. The threshold

! between the different damage categories {s again

quite sharp. There is one particular data-point

from an older test with 50 kg bomds shown, which

does not fit into i catagory. At a scaied dis-

tance of 1.5 w/kg!/3 only minor damege wai report-

od, whereas the chart indicates that spelling or

, perforation should occur. Mext to thiz poiat, at a

i scaled distence of wbout 1.6 m/kgl/3a test with a

: naavily cased 105 am HE projectile produced perfo-
ratica slightly above the threshold lime. The ama-
lysis of the tast has led to the conciusion that
damge to reinforced contrete walls from cased
tharges 13 dominated by the {wpact of fragmen's,
particularly at large scaled distances. Of course,
the ratio of nat explosives charge weight to total
weight 1s important for the damage of 1ight ceted
charges in the tranyition range detween bare and
cased charges. This paremeter has not bean studied
in aore detail yet.

A1l data shown in Figure 6 are based nn tests with
non-tamped grenadet and bombs. A comparison with
"1t froa tarped Cased charges shows good agreemant
iar waipons which huve contact with the exposed
“all. Tamping Ns, therefore, oaly littla effect on
the damage produced by cased charges with wall com-
tect,

In Figure 7 the damagingeffects of bare and cased
charges are compared. For a given wall thickness,
the distance required to avoid perforation is four
to ten timys larger for cased charges than it is
for uncased charges of the tame axplosive weight,
Vice versa, given the charge waight and the dis-
=, the wall thickmess required to avoid perfo-
r i s up to threa times lavger for cased than
for umtased charges. Hence, 1t bacomes evident that
<imlating local effects of weapons with bare char-
o - as often done in tasts for practical reasons
' - say lead to 2 consideradle underestimetion of the
sctusl effects, Figure 8 gives 3 visual twpression
0 the dasage produced by two different types of
thargas placed at the same distance from @ rein-
forced wall,

This investigation was sponsored by the Devense
Techmlogy and Procuremant Group, TA 6, of the
Swiss Federel Department of Defense. The resylts
including wemrout pictures from tests are pub-
1ished in tha following reports which are available
UpoOn TequLt:

< Amt fUr Bundasbauten: “Spremgversuche an Beton-
wingan®, Ernst Basler 4 Partners, 8 922.1C,
February 1980

- Gruppe fUr Mistusgtdiensta, TA 5 “Spreagversu-
chs an Betonplattan”, Ernst Basler b Partners,
§ 3113-1, Jume 1981

~ Grupps fur RUstungsdienstas, TA 6: “Lokale Sche-
derovirkungen an Betonplatten durch Sprengladun-
gen®, Erest Basier & Partmers, 8 31131041,
Sep*. 82
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Example : Target Areas for Ditferent
Damage Categories

! Target Area for Direct MR
\ (Penairation)

Torgat Area for Perforatun

Figure 1:  Assessment of target-ares for above-
ground building for different damage
categories as & basis for estimating
the probability of survival for a

given type of attack.

Definltion of Damage Categories
b T | e ==,
o selevand Semnge.
1=
23% @ halng on bosk
| Y = |
3l | —

zﬁhm.

Figure 3: Definition of Damage-Categories
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Figure ?:

Exemple: Desion of & Dividing Wa)l ta

an Amunition Factory

Range of Explesives Charges Covared

by Decign Charts

Charge V4ight

s Uncaaed Cherge 00t1kg - 200kg

e Cased Charge, nat 03 kg - SOkg
Total Weight 08 kg - 80Ky

Charge Weight Ratio 19% - 0%

Distance from Torget contect w to 1 mvigl

Thickneen of Corcrete Sab
Reinforosment R
Concrete Stringh B

Qim - 12m

S0 npA® - 180 kp/m®
S0 Nwe® - 58 Nwen”

Figure 4  Range Of Pavsmetsr Covered by Design
Charts
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Before Teost

10 hg ™Y
Dittence r =« 0.5 »
Wall Thickeess t e D 3 &

Sare Charge

15.5 cm (6.85 kg TNT)
Distance r » 0.5 m
Mall Thickness t « 0.3 m

Cazed Charge

Fiqure 8:

R e T

Visudl comparison of the effects of bare dnd Cosed charges

< e e I DA MR ¢ £+ e N o S 1 S % e

e e § e

After Test

Back of exposed wal! shows ainor cracks

fapcsed wll completely destroysd

—
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" JAbeirest
tloee-{a detsaatica teste senduitod in

the 700 are dseeribod and metheds te detere
alas the losding canoed by blest asd freg-
sentatioa are Dentisaed. After sotabliobing
the lesed the leeal sffests are ox-
plained theeretically. prebloa of do-
tormining tho dlast leat ranced by capod
syiintricel ehargua 08 wall o8 the gues-
tisa of Preasars wves ssneed )y fragees-
tetish 1o sesticnsd. Planlly the quentioa
of senliag fragueatation offedts 12 sea-

c“u"r\

1. letreduetion

Late in 1931 and i owamer V382 Federul
drmed Partea Offiee for Stvdies and Bypar-
eiges - Spesial lnfrestreeturs Yeaks Bivi-
oiss - did oomne sxporisental werk ssaser-
sing apgreding of waderreinfereed csasrete
walle of senibardened atresisres agaioet a
gives threst (Ref. 5 and 6). This teet oo~
rion S0OES to Do o Pood eEPePincstal Seoe-
line for the subjest I am @geiag te deal
with. Gewever, [ am oot gelag te talh abest
the difforeat wpgreding svetoms we tested
and wve fisally recommanded. Tie sea e
takoh 7708 the referenses given sdeve. Dut
what askes this seriss se ilupertgat feor we
is the fast that we have bosa fereed te
14aatify the damage weeshanisn ageinet wkish
we risd (0 previde pretestion. Thas, I
gelag ¢ praseat e tests Perferoed c& walle
vithant wpgreding ealy, tetadliag § shate
sut of cheut 23. S of thons § shete were
ssaled teate snd & of the € Shota wers O
udtod vith z vaned veapen.

Cae of the strecteres which wan tSected i
shown ia Pig. 1. Tas clear Luight of the
vall ms 1.75 5. ™s persen of the ver-
tisal relaferceneat vas 0.0 fer wails Be.
S and ¥ ond 0.9 for valle Beo._t ssd % Wit
ae wsality of 300/330 Wl end 420/300

ve giresgth
wt B8/0sk for e firet teet snd
for tho ether tests.

- ———— s
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TEETE AND EVALEATIONS OF CLOSB-IR DETORATIONS

Re) P.C. Krepotasheex

Tederal Areed Teress for Studice aad EBxereianes, i

I

2.  Brief Dessripticn sf the Tests

Fig. 2 adews a teat with 26.6 ng CF, Voing &
oquivaleat veight feetor of 1.3 the ogoaled
diotanss wan O.Ma gV/3. As 1t oan b0 deen
the vall was bresthed ever s area of abeat
1.5 @ wvidth and 60 om height. The firet
apalliag layer was adeat 10 te ¢ em thiek.

Fig. 3} showe adetdor toet vwith an uneaded
weipea. In this eade 30 kg THY were wmssd. Tais
reanlts 1a a sealed dictanee of C.Mda/ng'/3.
Becides a suabding creter oa the suteide and
sohe adaller oresks o2 the ingide oo furtaer
damage was shosrnhd.

Fig. & shows a teat vith a cased weapsn. l»
thin ea0e the ola wight wvas the seme ap ia
toat Bo. 2. The diflorease {n resdlt is signi-
fieant. Bowever, it shenld Vo compiderad that
the oasing had & agnare _reen sesticsn. The
wall was Wreashed over aa Area of adeat 2.0 s
width and 60 em Reight.

Pig. 3 shewe a test siniler te test No. 3.
Bovover, ia this sann lde seaing had a eirqe.
lar erese sestiea aa. the explesive ssasistod
of 26.6. xg PETA. Usiag an eruivalont weight
faste? of 1.3 ths sealed dlatcnde vas the oane
ot 13 ohet Ne. Y. T™he wall vas alse bresehod.
The resace for aet odtaisiang s olearly lesslt-
sed breash aight bdo that the wall asetoed like o
saatalover hesnuse of the faat that the sa-
trapse opoding was a weaX poiat 12 the lead-
bor viag aysten. The epalling layer had @

thy ‘moage of abeutl 10 m.

Tig. € shove the result of the same test with
e smaller veadoa. The charge weight waa 5.9 kg
. With WMo otaled distanss desamd
odout 0.08 u/egt/3. e damage ves a limited
apall dzwn to & Aspth of edent VI am., e
palling layere hed & thicknese of adeat ? om.
Ths arse of samnge was abeut 60

A0 e high.

Tig. 7 shows tha rosult of & full sealo test
vith & MES). The shargs weigat was 202 kg
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Tedle Y givee o suamary of the test dato.

Ko a)) toets sboveu ®ers leeal eoffests ‘thex
etergll reatios 1 on getag te 43a) vith the
1ed,) Gamage a8ly.

3. fTheerioa
3.1 Leediang of thae ¥all

A cogpatricen of teate Re. I ané Ne. 3 (thoegh
with a equare suaing) and Re. & provea that
tho goatridutisd teo the tetal lewé¢ applied
to the well by fragmentaties canzst e nog-
lectod. Chraging cne [araketer saly -~ 1.0,
alddipg © crgo - the daamge to the well fa-
ereaged froa aluset & ¢wmsge ea the laside
ts o total dressk of tke wall.

™he paft fost wad alse deterniasd in Ref. 2.
Pig. % edove o swapary of the werk vhieh wvan
d00s for that repert snd ohews @ comparisea
af the ox.¢pt of dudage for daaed and waee-
aed gharges. Veing thio graph these s e
feirly goeé agrovmpat with tho results. On-
1y the fell-geale teet (Ra. 6) god tho tast
weing €& (No. 1) 4o Bat wated. Yeat ¥o. §
adoxld have ylelded & »reash instesd of
spaliing. Newover, the deviatisn ie met too
dreaatic. The roenlt of teat Ne. Y dues Bat
matoh at all. Aseerding to the graph the
reseit should bave desa spalliag ealy ia-
stéad ws got a breeeh.

It ghould vo Beted Shat this greph 10 etrie-
tly haded on teat resulta amd ikve :(+rcein
liaizations Bave te do obaerved. No varia-
tiea of ¢.g. scoarets quality, perasatage
of reinforgeweat, otsing thiskaess ete. i8
scwmtdored, Dovever, the tendoney of o ia-
erepged danege whep heviug fragesatatioa i
else adose by this greph.

Thsg, the comoluaieod {6 that for ferther
calgulatisas a eopvinsd loading cauaed by
blaet 06 woll 43 by frageestatisa bec te be
om“"“\

3.3 Pressere-Tiae Riatory for a Cylindrieqld
Chazge

Due to the laek of Teliablo date to talewlate
the pressure-tinme histery for eplizdrieal
harges the Bas to % ether prosedarea. One
progibility aight be to uee tho grephe feor
Meulepborical ehavgss - o.g. Bef. ? - whied
give fairly geod results. Bowever, ab it will
Ve ghova lgter on 4t 1is iaperteat to have o
gosd deosriptica of the prescure withk ree-
post te e time. .
As gxteadod reecareh werk concersiag thie
topie wea perleraed ia Gsrosay aad 18 des-
eribod ia Ref. 8. Bavaver, oeme of the ova-
slagions - ssPesially ths recesmsnded tadles-
ate partially atsleadiag. Theresfere they have
to ¢ Freviped whieh will de demo vithia the
Azt cedpls of soaths. In additien to thie
sone WOtk will ba dtac to eompare 2asod and
wasnood sylistrical edarges.
Ls toere ig @0 furtder thesretical or expo-
rinearal verk arailable te ny aewledge, ke
has to Pely ea these cxporiaeatal date. Bow-
ever, vory little data are availedle for the
streature eoRfigaratieon congicered s
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thia papor, 1.0, & 20s)od dictapeo of sbowt
0.5 wag'/- (v.0r 0V 3),

The prodler of wecsuriag dete within thie
range ir that we ore etill s the regiea of
e fire bel) sad i sddition - 4f frageeate-~
tien ie invelved - very heaty dadage 10 to de
oxDested eopostally te the guges dipostly
eppeaite the eharge oa the well.

Bedavae of all thowe diffienitices I am geing
te wae r» nodiltied experisentel precaure-ting
hiatory using & free ficld secmerceest sad
celtipiyieg 4t by the refleaticn faotor re-
ocsmsaded 1a Bef. 7.

4 swsnary of all preesure dots waed fer fur-
thor cemsideratior 1o givea ia Fig. 9. Ref. 3
shoup that there ia alavat ne differesse det-
woth ap oxpeasntial axd & triangsler type of
presoure distriditien if epelling ie ssaser-
aed. Thus, fer further valeuleiican the triae-
gular pregevre puloe - oo shewa in Fig. 9 witk
dotted 1ined - 10 wsed.

3.3 Load by FPregroatation

Ia sddition te Lhe Blaat loed the fregmopte-
498 seatridutes a soasidoreble portisa to
the tetal lead applied 1o the wall. Twe weet
apprepriate way available at thie tiee te eal-
selats thia load seema te b3 the sae deasrided
ic Bet. { whieh 12 suppeded te B2 o revigad
vorsise of the serrespeading ehapters ia Pef.
7. Bowever, some reccared warkt is uade? pro-
Zrons tn Gereany te favedtigate the leadieg
eansed by fragheatatioa. But, Wecewse it 10
Tory difficult to find an sysver due ts ke
1aNusace af statiptisal effeata amd the
qacation of eealing fragmeatation this ijmveati-
"ation may very well take a laag time.
Tee, wiag Pef. 1 vo qan calenlato the genoral
fragacatatioa pareneters 1ike

trageeotaties distvridetics,

total suabor of primory {Iagmeats,

taitia) velosity,

area of iupect sesmmiang o esriain saglo of

prepagmtion..
AZter that the fregmeats ars grecied saeerdisg
;o \deir waight. Per sash greap wo oad saleca-
ate

average freagment weight,

iapaet velosiny,

arrival tiee,

ammbor of Iragnsats hitiiag the srea osaei-

‘.M‘

ponstration depth,

duration of panetreticon assuaing thtat the

tragaest 1o decelorutad limearly frea its

iapgaet veloeily at tho surfmesc te sore et @

calsulated penotretios épea;

applied ta the senairastisa mexdor

roguliing free the pemetruatios.
Saanarising all frageestetica grenps sue geta
A progsure-tine Listery onuedd by fregaeatetice
Yo have beea ustiag o esemputer pregram for e
prodsdure dacerided abeve. 8o we gt & repre-
;::“3" precanro-tine Blotery sa showe fa
It sheuld Mo seasidseced thet this lead to
striotly baged ea thecretisal smmstderatieas
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a2d thatl it repressate a eta’istieal everepe.
Peuever, al the present time it scome to Se
the meat apprepriste vay te selve tha predies,
though Lt sonda te Be verified by ‘zperimectal
werk,

3.4 Comdiaed lapwles

Fae soadised pressvre-tine hiasteries fer tests
%e. 0, %, cad § are sheva i Fig. "' end give
» geners) view ooapariag deth presaurs pul-
s68. .

Ia any eses thc bleat lead aite Do atresture
firet. Thus, es 4t will Be shewn later ca the
frageonto are Sitting o peasidl)y veakenod
eirseturel sesder.

1t can aloe Be aeds that the Load eaveed by
fragmentation is deactily dapeadart oa the
standofl diotanca. Thorgh i2 all three lests
cazaidered im th.® ~aptor the ecnled die-
taaLe - aad wilh this the peak eladk pres-
sure - i the saBo, the pressere peak as well
86 the arrivel time and the dwratiom of the
pressuire puloe esessd by fragaestatise vary
sonsideradly. Ref. ¥ givea gome paradstoers
for pealing the peastratioes prececsees. O0-
sienaly 13 t3ic eame seme of the hewadary
csaditions are vis)eted, Cortaialy tha shape
and welght of tae °ragmeats vary as well as
the tapeet Valoeity.

NHere Poscares werd has to b dene to iaveati-
gety the predlem of scalimg the losdiag suw-
eod By fregmeatatioca.

3.5 Spaliing Reskadiow

Tee woot soumea thesretica. solutiisn fer sal-
euloticg epalliag effeste Lo doasrided o.3.
12 Belo 3. e prisciplea ¢f the calevla-
tinas are teo vofiedl tB3 Srepgsure wate afto:
letriag it trevel tireungh the etrustaral eea-
dert ts the free iamer swrface. Tha esgaitude
s! thic refleetod wvave - o teastile wave -
eight be gufficiont to preduce fraetures nasar
the surface. Ref. 3 gives a piuphisal vethed
of sulvtios o8 well e aa salytisal sae. Ter
s condbined blaat-fragneatatios impuls it
aight Ye aere apprepriete to wad the graphical
s,

Jowaver, sane asouapiions have tc Ve aade to
s1ap iy the salaulatioa. At firat, at the
free surfeues nersal refieetien will te eas-
sidared aaly. Sseend, o ehange of the dure-
tiss of the Hresasrs wave will de aeglested.
Teird, a aertais sitoasation will be eea-
sidored viied 510 scoumed to be adent V0K dve
to meterial prsvertios and gesmolriesl eeafi-
uretione.

Te salaelats the thiekaess of the epalling
layer ca well as the epalling velestity it i@
LS SORAYY (6 KB ths tensile streagth of the
waterial of the etruecturel memher. Ag the teow
dealt with 1a this paper wore csadunsted
cgetant saasrets targets the dyaamie temsils
streagth of sonereta has te te dotarsinad.
Thia 18 & diffienlt predlem btoecanes of the
fast thet conarets is ~ very inhosegensss ea-~
torial. Yheagh ‘here ia o proesdure te deter-
sias the senerets tenails atreagih the reeslte
ore a' loast gosetismedle.

L 5OPY

Thud, OR¢ CoRDONLY ssswnee & 'stit teneils
streagth of abeat 108 of the compreseive
strength. Ae ohowa (o Pig. 2 - taked free
Ref. 9 - the dysanis soapressive stroagth (o
dependent o8 1ha leadiag rete. Por these toats
o020 dap to acoume & pressure rise tide wvhied
will be ta the remge of adent 0.0% seee. MNus,
baswd o8 & pock pressurs of adout L00 Ngr »
3490 pat the rete o etress i about 103, ¥ith
thia, ve aro ueteide the range givan ia tde
grepd and one has Lo emtrapelate. Th imarsess
of the etatis temsile atreag:td will bde abou?
3508, With thie the tensile strsagtih hecowey

¥, 0.1 - % - 35 e h.'-n/n’
for tapt Ne. ' gad

v = 0.% - %0

. 3.9 « 73rp/eal

for teates We. 2 to 6,

Esvaver, by caleulatiang the spalifag effects
sat Baa to osbasrvas that the liait velesity of
the acaereta 16 net enceoded. The ameunt of
thia limit veleeity ia abeut 13 w/aes. If thia
valee Lo cxeeedod the scacrete will bde Blewna
out and a breach vill be the regelt.

A, Applicatian of the Treery

Acssalng « triaagelar preseure distridution
withlas the wall as meatisved abave sas gota

the presaurs vave/struveture ceafiguratioen ae
sbewn ia Pig. 13 #.g. far teat Mo, &, Ag cam
by seen, tho damage Bechetis® eevsed by the
blast wave takea pleace firet sad aftor that
tha Pressure weve eaneed by fraghealationa bits
& veakened wall, This faet explatne the ia-
sreaar of demage by saced chargesa. To esleow-
late the disengicas of the preasgure vave, i.e.
sapecially the leagth, o esotamie veleaity for
asasivats of chbeut 3000 u/eec vas edanasd.

Vith the foarewlas gives in Rof. ) eae ean
saslly saleuvlate the thichkuess of the apalling
luyere as well o8 their velesities. Decanse of
the faet that the rige tine feor the presaure
waves & sgouned te bde Bero ths thiskases of
tae differeat spalling layers is equal and the
veleaily deeareavss by a fized amesat for sach
layer. Teble 2 givea a general viev of all
taate valanlated. The resulies agrec fairly

wel) with the teat resulta. Bevéver, i3 %o
cese the salevlated spalliiag velesity exteede
the i1tait velesity ae meatisacd edove.

T™ie tadle ales shewe that scsaling of fragesa-
tatiea offoste iu very queaticmadle. Though all
teate wore ceaducteld saing ks aseme asaled
distance the pook load oe well ag the effeet of
the fragmestation varied ceaaideradly.

Ia a fiaal eter we have several possibilities
fer salonlatiag ths damage Pprosoes goiang sa. .\
eeat apprapriutes vay fe te ssasider the inside
wall reinfereenest asling a0 & ReShren almest
liks a spall plate. Rowover, ose Bain predles
13 esagidariag o ss@brese type redacties of the
reinforsensat 10 that we Bave ty adsude & eulfd
eiont sabadnoat leagtd. This might de very
quéeticaadle espesially as ia the tests doayt
with in thie papir the weapen was plesed at the
fosting of the wall wiisk appareatly might de o
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veak pailt ia the atrastural desigm.
Unfortuastely the time dses act allovw to go
iato mere detail comceraimg this saleulatieca
prosadere.,

5. Cesclesion aad Recommendatioas

To my knowledge there is at proseat no better
way of thooretisally eclviag the probler of a
cloase distance detonatioz.

Hovever, bocaves this is a very commoa thraat
coafiguration im stenderd ceuvortiomal wos-
poss effecta design such mepe researck -
theoretically aad experimentally - sheuld de
perforaed to get a better kuowledge iam thia
area. Some work is umder way e.f. withim the
U3 Air Force supportsd by the U3 Arsy Water-
ways Bxporimeat S8tatica and vz will heve scme
sore tastz withia the zext year ia Germany.

Bovever, it should be mentionsd that, thowgh
tho tests desorided ia this paper, prodused
considerablo damage in some csees, ve found
a very eagy-to-construct amd sheap method to
upgrade the wall by meams of borss or gea-
crete slabe. The sainm odbjectiveo of thosa up-
grodiag aystems ia to cut the peak of the
blast prescure amd preveat the fragssests froa
hitiing the wall by moans of an elastic and
conpreseidle doaign.
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Fig2a . Test Nol - outside damage
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Figha: Test No3 - outside damage

Fight. Test No3 - nsid» damage
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Fig 63 © TestNo5 - outside damage

Fig7a . Test No6 - outside damage
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Fig 7 : Tast No6 - inside damage
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148 Randboek of esancrete engiseeriag
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